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Abstract

In this review redox induced reactions of transition metal vinylidene complexes have been summarized for the first time. Surpris-
ingly there are no reports on metal-centered reactivity of redox-activated vinylidenes so that the prior emphasis is made on ligand-
centered reactions (EC; dimerizations, cleavage, and formation of-€1 bonds etc.). A discussion of redox activation of related
transition metalr-alkynyl and alkylidyne complexes is limited by the cases wherein transition metal vinylidenes are formed at least as
intermediates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction by Berke and co-workerE3] to afford cationico-alkynyl
complexes in a good yield (Eqg. (1)).
Over the past 15—-20 years the chemistry of transition metal

vinylidene complexes has been developed into an important oH  FcPFg + _
) . i [Mn]J=Cc=cC ————» [Mn]—C=C-—R (1)
area of organometallic chemistfid]. This was caused by the \R -30°
occurrence of such complexes as key intermediates in cat- 80-85 %
alytic and stoichiometric reactions of alkyngq and was
mainly concerned with the in-depth study of dimerization | [Mn] = Mn(dmpe)Cp' R = Ph, SiMes |

and oligomerization of alkyng&c,d], nucleophilic addition

to alkynegj2al, cycloaromat!zatlon o.f conjuggted enediynes C=CHPh and related compounds at room temperature pro-
[2e—g] etc. Compared to this very rich chemistry the redox : ; . . i
ceeds via @—Cg coupling affording binuclear bis-carbyne

activation reactions of vinylidene complexes remain far less .
: L .. complexes (Eqg. (2)M]. In these cases, the reaction course
studied. Nevertheless the application of the redox activation ; . .
S is controlled by the temperature. It is noteworthy that dimer-
methodology to vinylidene and related complexes should en- .

rich their reactivity since addition of electron to or removal ization of [Cpi(dmpe)Mr-C=CHPh[** proceeds stereose-

lectively with the formation of only aneseform of the bis-
of electron from the most stable complexes promotes reac-

tions that proceed hardly or even do not proceed at all for the carbyne dication. The dimerization energy for the model radi-
. pre y P cal cation [Ci(dHpe)Mn=C=CH,]™* was estimated by DFT
starting (typically 18-electron) compounds.

In particular, in redox-activated vinylidene;alkynyl, and method to be-24.2 kcal/mol4]. The processq) can be re-

: X . . alized in an opposite direction. Reduction of binuclear 18-e
alkylidyne complexes a spin density arises at the carbon diylidynes with CF>Co leads to regeneration of the initial
atoms of the ligands, which allows selective@© C-H, and yiey 2 9

C-heteroatom bond forming and bond cleavage reactions.vInylldenes presumably via 3,cCg bond cleavage in 19-

These reactions of 6-9 group metal vinylidene complexes, intermediates (see alsgection 4.2
i.e. ligand-to-ligand dimerization, nucleophilic addition to

On the other hand, the oxidation of Qgmpe)Mn=

e St . ,H  FcPFg + R R +
C, atoms, addition and elimination of hydrogen radicals etc. Mn}=c=c ——— [MnEc—c—ﬁ—CE[Mn] @)
are the specific subject of the present review. Similar reac- R 20C H
tions of relatedr-alkynyl and alkylidyne complexes leading 80-90 %
to the formation of corresponding vinylidenes at least as in-
termediates will also be covered. [Mn] = Mn(dmpe)Cp' R =Ph,H

It is important to note that reduction of dicationic

2. Redox induced reactions of transition metals butane-1,4-diylidyne manganese complexes can proceed

vinylidene complexes also through another pathway with retention of the cen-
tral Cg—Cg bond and homolysis of the g&H bonds in

2.1. Oxidative activation of vinylidene complexes the bis-carbyne moiety as it was found in our studies of

oxidation of the manganese phenylvinylidene complexes

The electronic structure of 17-e radical cation interme- (n°-CsRs)(CO)(L)Mn=C=CHPh (R = H, L = PPk R
diates generated by oxidation of transition metal vinylidene = Me, L = CO) [5b]. CV data and preparative experi-
complexes can be represented as a resonance hybrid of metaments show these compounds to undergo an oxidatively in-
and carbon-centered radical forn&heme L The ratio of duced dehydrodimerization to bis-vinylidene (2,3-diphenyl-
these resonance forms strongly depends on the substituent R,3-butadiene-1,4-diylidene) derivativeg®{CsRs)(CO)(L)
and ligand environment of the metal atom. Mn=C=CPh-CPh=C=Mn(L)(CO)(n°®-CsRs). However, the

Therefore oxidative activation of 18-e vinylidene com- reaction pathway depends on the ligand surrounding of the
plexes can be expected to result in the formation of three manganese atons¢heme 2
types of productsl€lll , Scheme lin accord with the elec- For [Mn] = Mn(CO),Cp the dehydrodimerization pro-
tronic structure of intermediate 17-e species, namely 16-eceeds as a sequence including homolytic cleavage of the
(1) and 17-e (1 ) o-alkynyl complexes as a result of the ho- Cg—H bond in the 17-e radical cationb), dimeriza-
molytic and heterolytic g—H bond cleavage (patha)and tion of resulting 16-e0-phenylethynyl cation to binuclear
(c), respectively) and 18-e binuclear compleKefpath p)) 2,3-diphenyl-2-butene-1,4-diylidyne dication),(and two-
with bridging pw-butanediylidyne ligands as a result of direct electron reduction of the latter into the final bis-vinylidene

Cp—Cg coupling of the carbon-centered radicals. complex @) [5a]. The entire process is fast on the CV time
Some examples of dual reactivity {€H bond homolysis scale. Other examples of the dimerizations of 16-e transi-
and direct G—Cg dimerization) for structurally close vinyli-  tion metalo-alkynyls into corresponding butenediylidynes

dene complexes were describ@#]. In particular, the low are discussed iBection 3.1The redox interconversions of 2-
temperature oxidation of the electron rich manganese vinyli- butene-1,4-diylidynes and 1,3-butadiene-1,4-diylidenes are
dene compounds in dichloromethane solution was reporteddiscussed irsection 5
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Scheme 1.

sponding vinylidene complex Cp(CO)(PPRIn=C=CHPh
(Scheme 17/Section 4.2

The preparative dehydrodimerization reactions were usu-
ally carried out by adding one equivalent of oxidant (AgBF
or FcBR) to the solution of the corresponding vinyli-
dene complex in dichloromethane -a0°C. The reaction
mixture was then stirred at —30 t620°C to give 2,3-
diphenyl-2-butenediylidyne (for Cp(Cein=C=CHPh) or
2,3-diphenylbutanediylidyne dications for other vinylidenes;
sis (Scheme 2stage ¢)) or to Gs—Cg bond cleavage (see the reaction can be easily monitored by IR-spectroscopy. Ad-
the reverse reaction of Eq. (2}}]. We have studied the dition of a reductant {{-CeHe)2Cr or EgN) to the solution
reduction of the mononuclear manganese carbyne complexof the binuclear bis-carbyne complexes leads to the target
[Cp(CO)(PPR)Mn=C—CH,PhJ" as a model of stage$)(  bis-vinylidene compounds.
+ (g) (Scheme P and showed that in this case homolytic ~ We suppose that the radical cation [Cp(GRp=C=
cleavage of G—H bond also takes place to form the corre- CHPhJ™® also undergoes &-Cg dimerization (Eg. (3)) but

In the case of [Mn] = Mn(L)(CO)®-CsRs) (R = Me,
L = CO; R = H, L = PPR), dehydrodimerization proceeds
through the direct §-Cg coupling of the 17-e radical cations
to 18-e butanediylidyne dimerg)( reduction to binuclear
19-e diradicalsf], and, finally, homolysis of g&-H bonds
to form bis-vinylidene productsg]. The last stagedj is
slow on the CV time scale (see ti8ection 4.2 Fig. 1b).
Itis noteworthy that reduction of 18-e dicationic butanediyli-
dyne derivatives can lead either tg-€H bonds homoly-

H
[Mn]:C:C/

Ph

(a)l— 5

CgH

homolysis
(b)

{ Mnj=c—c”

H +e
\Ph coupling
(e)

CpCp

H
+ Ph “u,, l +
{ [Mn]—C=C—Ph } (a) + (b) + (c) + (d) . /C— —=[Mn]
[Mn] = Mn(CO),Cp [Mn]_:—c—:l:"“-Ph
(c)
l (@) + (e) + (f) +(9) 0 |28
[Mn] = Mn(CO)Cp*
Mn(CO)(PPh;)Cp
Ph +
b = Ph .
+ //C—C: [Mn] "‘h(':_cE ]
Hn=ee Mni=c—c,
Ph e
{j Ph
+2€ — 9H.
(d)\x Pha, ‘/@
/C=C=[Mn]
[Mn]=C=C
Ph

Scheme 2.
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/H
[Mn]=c:c\ + PhyCt
expected Ph found
hydride abstraction electrophilic attack
(a) (d)
+ + _CPhy
[Mn}—C=C—Ph } + PhsCH [Mn]=C—(|:\|_|
Ph
l(b)
(e) |- H*
Ph + Mn] = Mn(CO),C
. MC—CE[Mn] [Mn] (CO)Cp cph
7 ,CPhg
[Mn=cCc—C [Mn]=C:C\
Ph +28 Ph
Ph
() _e=C=Mni
[Mn}l=C=cC
Ph
Scheme 3.

this equilibrium is strongly shifted to the left owing to insta-  vinylidene Cp(CO)Mn=C=CPh-CPh=C=Mn(CO)Cp can
bility of the resulting bis-carbyne. Thus, the reaction path- be prepared more conveniently by room temperature oxida-
way involving Gs—H bond homolysis in mononuclear 17-e tion of Cp(COpMn=C=CHPh with FcBE in the presence
vinylidene radical cationgcheme 2(b) + (c) + (d)) becomes  of Et3N [5a]. Under these conditions two competitive reac-
feasible. tion pathways are possible: either 3-@ homolysis route
(Scheme 2 (a)—(d)), or deprotonation of the 17-e radical
H cation and recombination of resulting 1 &ghenylethynyl
H*t Mnj=c—&— " @) radicals 6cheme %
} P C—C=[Mn] Addition of base has a more distinctive effect on the
Ph/,h oxidative dehydrodimerization of the phenylvinylidene rhe-
nium complex Cp(CQRe=C=CHPh. Our attempts to per-
‘ [Mn] = Mn(CO).Cp | form this reaction as for manganese compounds (in line with
Scheme 2(a)—(d) or (a), (6—()) in the absence of base
were unsuccessful because of the gradual decomposition of
The formation of one of the key intermediates of the primary oxidation product [Cp(C&Re=C=CHPh]*.
Scheme 2-[Cp(COpMn—C=CPh}" from Cp(CO}Mn= At the same time treatment of the dichloromethame solu-
C=CHPh as a sequence of one electron oxidation andtion of Cp(CO»Re=C=CHPh and E$N with one equiv-
hydrogen atom loss can formally be considered as hy- alent of FcBR at room temperature afforded the ex-
dride abstraction from the initial vinylidene. Therefore pected-divinylidene product Cp(CQRe=C=CPh-CPk
we studied the interaction of BBBF, as an abstractor C=Re(CO»Cp accompanied by a binuclear complex
of hydride ion with Cp(COMn=C=CHPh expecting the  with a bridging phenyl(phenylethynyl)vinylidene ligand
formation of [Cp(CO)Mn—-C=CPhJ" and its dimeriza- [Cp(CORpRep (wp-C=CPh(G=CPh)) (ratio 2.5:1). The
tion into [Cp(CO»Mn=C-CPK-CPh—-G=Mn(CO)%LCpJ*+
(Scheme 3(a)—(c)). However, a different reaction occured H _ H )+
to afford a mononuclear phenyl(trityl)vinylidene complex Mn=c=c ——» {[Mn]:C:C/ }
in 70% vyield. The structure of this compound was eluci- “ph “Ph
dated by X-ray diffractiof5a]. The electrophilic attack of l_ H*
the trityl cation on the g atom followed by deprotonation Ph.,
(Scheme 3(d), () is the apparent route for the formation of /C:C:[Mn] ‘
Cp(COpMn=C=C(CPH)Ph. [Mn1=C=c,“ -~ {["""l—CEC—Ph}
All oxidative activations of the vinylidene complexes Ph
discussed above were performed in the absence of added
base. The probability of the deprotonation of primary [Mn] = Mn(CO).Cp
oxidation products (17-e vinylidene radical cations) in-
creases considerably in the presence of base. This bis- Scheme 4.

[Mn]=C:C/
N\Ph
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H _g& H |**
[Re]=C:C< &, [Re]:C:c< H s H 24
Ph Ph (NP3)Rh=C=C —— > { (NP3)Rh=C=C
NPh Ph
— H*
Ph Cp-C
", BB o — H*
C=C=[Re] coupling l H
[Rel=c=c ~—— { [Rel—C=C—Ph
Ph _‘2+ g +.
— €
(NP3)Rh—C=C—Ph | < (NP3)Rh—C=C—Ph
55 % Cg-Re
coupling
_Cc= Scheme 6.
[Re] = Re(CO),Cp IRel—C=CPh
[Re]l=C=C L . . .
Ph The similar process of consecutive oxidative deproto-
Reductive nation and oxidation of the 17-e intermediate into a 16-e
elimination derivative was found for the isocyanide rhenium compound
+ 1,2 Re P trans-Cl(dppe»Re=C=NH which can be considered as aza-
Re C hift i H
[ ]\c:c/ shi o . analogue of vinylidene compleg]. o
ke’ Nph [Re]=C=C o The first known example of dehydrodimerization of
22% [Re] vinylidene complexes was found by lyer and Seleffie
The cationic propenylidene iron complex was oxidized with
Scheme 5. an excess of iodosobenzene in acetonitrile solution at room

temperature. The binucleg-divinylidene dimer was iso-
lated in 77% yield from this reactios¢heme Y. The authors
believe that the reaction scheme involves deprotonation of a
radical dication intermediate and dimerization of resulting

structure of the byproduct was determined by X-ray diffrac-
tion [6].

We believe that the reaction under these conditions pro-
ceeds along th&cheme Svia deprotonation of the radical  ;_oq0vnyl radical cation into the dicationjc-divinylidene
cation [Cp(CO)Re=C=CHPh["* with triethylamine. The 516y (Stagesh) and €)). The analogous reaction was
fcarg_etp-dn_/myllden_e complex is formed by ¢>-Cg dlmer- carried out for [Cp(dppe)Ee&C=CHPh]PFs using copper(ll)
ization of intermediate [Cp(CORe-C=CPhF. The minor ;o416 in methanol. However, all efforts by the authors to ox-
reaction product, in our opinion, is a result of-R& cou- ;e complex Cp(dppe)FE€=CMe into theu-divinylidene
pling of radicals followed by reductive elimination and 1,2- dimer using Cu(ll), Ag(l) salts, or anodic oxidation failed.
shift of the metal site. Such carbon-metal couplings for 17-e This fact indicates some discrepancy with the proposed re-
o-alkynyl transition metal complexes were not yet described. _ion scheme. Dimerizations of 17sealkynyl complexes
Evidently, the analogous 17-e manganese radicals undergongy, pis yinylidene compounds are discussed in detail in
Mn-Cg coupling, because the formation of the coupling inter- Section 3.1
mediate with four-legged piano stool geometry is sterically Whiteley and co-workers have notdti0] that oxida-

non-accessible. o o _ .. . tion of the cationic vinylidene complex(C7H7)(dppe)
In general, the oxidative gctlva_tlon_ of cat|0n_|c vinyli- Mo=C=CHPh]BF with copper(ll) acetate leads to deproto-
dene complexes leads to radical dications as primary prod-pa4qp, resulting in the stable-phenylethynyl radical cation

ucts. Deprotonation of such species is often observe [(m-C7H7)(dppe)Mo-C=CPh|BF,. Its dimerization is con-
even in the absence of base owing to increased aCiditysidered inSection 3.1

of Cg—H bond and afforded 17-es-alkynyl radical
cations. The clearest example of this process was re-

ported by Bianchini et al[7]. Oxidative deprotonation + LI i*'_C_C/H
of the 18-e cationic complex [(NJfFRh=C=CHPh]}" pro- [Fel=C=C_ T [Fel=C= Ve
ceeds along an “electron-chemistry-electron” mechanism 18¢ Me 17e

(Scheme B as was shown by CV and CPE. The pri-

mary oxidation product [(N§Rh=C=CHPhF** undergoes (b) l— H*
spontaneous deprotonation into the 17-e radical cation Me

+
[(NP3)Rh—C=CPhP+ which immediately loses one elec- + /C=C=[Fe] +e
tron at the potential used and affords the final dication. [Fe]=C=C\ -— {[Fe]—CEC—Me}

Unlike other 16-ec-alkynyl complexes (se&ection 3.1 Me © 17¢
[(NP3)Rh—C=CPhF* is unreactive towards dimerization to
corresponding 2-butene-1,4-diylidynes. Oxidative deproto- [Fe] = Fe(dppe)Cp |

nation for [(NR)Rh=C=CHCOOEL]" proceeds in the same
mannei7]. Scheme 7.



1684

BuLi
[M=C—CH,R — >
—_ H+

/
M]—=C—=
{[] c C\

[M] = Mo(P(OMe)s),Cp; R ='Bu

[M] = Mo(CO),Tp"; R = H

[M] = W(CO),Tp'; R = H, Me, 'Pr, CH,Ph

Scheme

Oxidative dehydrodimerization of dianioniafieseocta-
methylporphyrinogen)ReC=CH,]2~ into [(meseoctamet-
hylporphyrinogen)Re C=CH-CH=C=Ru(meseoctameth-
ylporphyrinogen){~ in 85% vyield was carried out by
Floriani et al. using phenyl azide as an oxidgtit].

Oxidative activation of the anionic vinylidene complexes

have been studied in the groups of Green and Templeton

[12]. The initial vinylidene compounds were prepared in situ
by treatment of the corresponding carbyne complexes with
a strong baseScheme R The oxidation of the vinylidene
anions occurs under mild conditions using FgHBE2a,b]
copper salt§l2b], iodine, and even nitrobenzefia]. The
resulting vinylidene radicals underg@-&Cg dimerization to
form neutral binuclear compounds with bridging butane-1,4-
dicarbyne ligands. The yields of dimerization products are
lower if a bulky substituent is present at thg @om. Un-
der the conditions used no products of metal-metal coupling
characteristic for 17-e metal carbonyl radicals were observed.

The order of the central -€C bond can be increased
to 2 and even to 3 by deprotonation/oxidation sequences
(Scheme ®[12a] Oxidation of dianioniqu-1,3-butadiene-
1,4-diylidene complexes affords the corresponding 2-butene-
1,4-diylidyne derivatives (Stagé)) and similar reactions of
1,2,3-butatriene-1,4-diylidene dianions lead to 2-butyne-1,
diylidyne complexes (Stagel)).

An unusual oxidatively induced-@N coupling in di(4-
chlorophenyl)vinylidene iron complex (Eq. (4)) was reported

4-

H - / R
[M]:C_é/R — 2H* [M]=C=C _
_ e c=C=[M]
(b) l - 2
v R
[M] = Mo(CO),Tp"; R=H [MI=c—cC
\\C—C=[M]
[M] = W(CO),Tp'; R = H, Me, CH,Ph R/ -
(c) l —2H* R=H

-2 _ _
[M]J=C—C=Cc—C=[M] ﬁ [M] C=C=C=C=—[M]

Scheme 9.
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H H

/

R R

}_, {[M]=c:c
|

R R
[MJ=C—C—C—C=[M]
H H

8.

by Lange and Mansuf13]. The product formation can be
regarded as insertion of vinylidene moiety into the-Re
bond accompanied by coordination of chloride.

N——N N—|—N
el -8 <L N
< —_ <N (4)
c +CI~ /c/
CAr; C{-\rz

Oxidative activation of the vinylidene complexes results
in C-H and G-C bonds formation or cleavage reactions in
all cases considered above. An unusual example of oxida-
tively induced vinylidene—acetylene rearrangement was re-
ported by Connelly et a[14], Eq. (5).

Cr ) i Cr [ (5)
OC/I \C§ _SiMes OC// \///
co § oc ¢
SiMes Me3Si

18¢e 17e

Aneutral 18-e alkyne compound can be prepared by reduc-
tion of 17-e alkyne radical cation but this complex is unstable
and undergoes acetylene-vinylidene isomerization. Thus, a
position of the tautomeric acetylene—vinylidene equilibrium
is strongly dependent on the electronic configuratiGrvédt-
sus &) of the metal atom.

2.2. Reductive activation of vinylidene complexes

These processes have been much less studied compared
to oxidatively induced reactions of vinylidene complexes.
However, few examples of reductive activation of 18-e com-
plexes of cobalt and rhodium have been reported by Bianchini
et al.[7,15] (Scheme 1 The intermediate 19-e vinylidene
complexes eliminate rapidly the hydrogen atom from tge C
position to form 18-ar-alkynyls and molecular hydrogen,
which was detected by gas chromatography. These transfor-
mations are fast on the CV time scale and were performed on
a preparative scale using CPE.

The formation of a new 18-e complex obviously provides
the thermodynamic feasibility of such reactions. The fast re-
ductive activation of the ~H bond is caused by two rea-
sons: «anchimeric assistance» by the multipleQy bond



D.A. Valyaev et al. / Coordination Chemistry Reviews 248 (2004) 1679-1692 1685

+ wle The known examples of these processes are given in the
~H +8 / Table 1
EP;)M=C— D — EP3;)M=C=C i
(EPa)M=C C\R {( I R } The structural changes induced by electron removal
s 198

can evidently be revealed by comparing the molec-
ular geometries of molybdenuro-phenylethynyls [§-

l_H' C7H7)(dppe)MoG=CPhJ'* (n = 0, 1). A contribution of
the carbon-centered resonance structure becomes apparent

18e

E=N M=Rh;R=Ph,COOEt

E=P M=Co;R=Ph (EP;)M—C=C—R on shortening the MeC,, distance from 2.138 (n=0) to
188 2.068A (n = 1) [16]. IR spectroscopy data show the shift

of ve—c from 2045cm? (n = 0) to 2032cm?! (n = 1),

Scheme 10. also confirming a contribution of the structude™ [17].

At the same time ESR spectroscopy data provide the ev-
to hydrogen atom elimination and small structural changes idence for significant localization of spin density on the
accompanying this transformation (the metal atom retains its metal and phosphorous atoms and not on the alkynyl lig-
coordination geometry during the reaction and only the hy- and[17]. In contrast to the above molybdenum complexes
bridization of Gz atom is changed). Related processes of re- electron removal from 17-e iron complex PeG=CPh
ductive activation of the g—H bond in alkylidyne complexes  |eads to the considerable structural changes only ip PP
are discussed i8ection 4.2 ligand leaving Fe-alkynyl fragment practically unchanged

The unusual example of reductive activation of the-Cg [18]. The complex [4-C7H7)(dppe)MoG=CPhJ"" is sta-
bond in rutheniumu-divinylidene [(meseoctamethylpor-  ble on the CV time scale and slowly dimerizes on pro-
phyrinogen)Re-C=CH-CH=C=Ru(meseoctamethylporp-  |onged stirring in THF solution (20C, 24 h)[10,19] The
hyrinogen)f~ was found by Floriani et a[11]. The redu- dimerization of [f-C7H7)(dppe)MoG=C"Bu]t" (CH,Cly,
ction of the complex with sodium naphthalenide leads to 20°C, 15min) proceeds much faster. At the same time
{(n-N2)[(meso octamethylporphyrinogen)RuECH], 16~ [(m-C7H7)(dppe)MoG=C'Bu]™" bearing a sterically de-
as a result of homolytic cleavage of thg-&g bond and  manding substituent at thegCatom does not dimerize
dinitrogen coordination. This process can be realized in the even after prolonged stirring. Instead, the cationic vinyli-
reverse direction by the treatment with two equivalents of dene [{-C7H7)(dppe)MoG=CHPh}' is formed presumably
FcBPh. by hydrogen abstraction from the reaction medi{t8]

(Scheme 11Path €)).

All other successful dimerizations of 17-e alkynyls pro-

3. Redox induced reactions oé-alkynyl complexes of ceed similarly, i.e. 17-e alkynyl generated by oxidation of
transition metals electron rich precursor should have the life-time enough

to ensure dimerization. If the dimerization is blocked by
3.1. Oxidative activation af-alkynyl complexes the presence of a bulky substituent at the acetylide moi-

ety the hydrogen abstraction becomes the prevailing re-
The electronic structure of 17-e-alkynyl compounds  action Scheme 11(c)). Sometimes the reaction course
can be described as a resonance hybrid of the metal-is strongly determined by reaction conditions. For ex-

(la*) and carbon-centeredb(*) forms (Scheme 1)L Ac- ample, the radical cation [Cfdppe)Fe&CH]** dimer-
cordingly, either ligand-to-ligand £-Cg dimerization into izes below —50°C, but undergoes hydrogen abstraction
the corresponding bis-vinylidends (Path f)) or hydro- at room temperaturf0]. The opposite phenomenon was

gen radical abstraction from the solvent or from the added found by Otero and co-workers for 17-e niobiwrralkynyl
hydrogen source (Patit)j can be expected to proceed. radical cation [(>-CsHsSiMes),(CO)NbC=CPh]™* [21].

B
@ 178 188 R

[MI—C=C—R &, {[ﬁ]—c;c-n - [Kn]:c:c\a}
A la* Ib*

R
RC:C:[&] ®) (©
[ITII]:C:C/ 18¢ + /H
_ g Mi=c=c{
188 188 R

Scheme 11.
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Table 1

Transformations of 17-e-alkynyl complexes

[M] R Reaction pathway Reference

(m>—CsH4SiMes)2(CO)Nb Ph b (at 20°C), c (at—30°C) [21]

(n®—CsH4SiMe3)>(CO)Nb Bu c [21]

(n®—CsH4SiMes)>(PPhMe)Nb Ph c [21]

(m—C7H7)(dppe)Mo PhBu b [19]
Bu c

Cp*(dppe)Fe H b (at—80°C), ¢ (at 20°C) [20]

Cp(P(OMe})2Ru Ph b [24]

Cp(PPh)2Ru Ph b ' [22]

trans-Cl(dppe}Ru CHs, 'Pr, CHPh ¢ (increasing reactivity Ckl<'Pr < CHPh) [27]

In this case, the hydrogen atom abstraction occurs at

—30°C whereas the -Cg coupling takes place at room

temperature. The solvent identity can also be of deci-

The authors assumez€Cy coupling in the intermediate
17-ec-alkynyl complex to be the key step directly responsible
for the formation of the reaction produat)( It is notewor-

sive importance. Bruce et al. showed the reaction of thy that the reaction proceeds only at room temperature in

Cp(PPR)2,RuC=CPh with AgPF in toluene to yield the
complex {[Cp(PPhk)2RUC=CPhpAg}PFs (75% for the

concentrated solution whereas oxidation of the starting
alkyne complex by FcBRhat 20°C in a tenfold diluted so-

reagents ratio 2:1) wherein the silver atom is coordinated lution yields the expected 16-e alkyne complex as the only

to carbon-carbon triple bonds. However, the addition of
dichloromethane to the complex readily affords the dimer-
ization product [Cp(PPH2Ru=C=CPh-CPh=C=Ru(PPh)»
CpJ?* in 82% yield (for the reagents ratio 1:2].

Two another bis-vinylidene complexe§[P(OMek]»
(CORFe=C=C(CHO,(CH2)3)—C(CHO,(CHy)3)=C=Fe
(COX[P(OMe)]2} [23] and {Cp[P(OMe}],Ru=C=CPh-
CPh=C=Ru[P(OMe}]>.Cp}2(BF4, PFs)2 [24] were ob-
tained in low yields (3—5%). Presumably they also arise from
dimerization of corresponding 17-e-alkynyl complexes.

In the case of the iron complex, an oxidative activation of
the C,—H bond should also proceed before the dimerization
step.

An unusual G—Cg coupling was found by Otero and
co-workers[25], Scheme 12 Oxidation of the 17-ew-

alkyne complex proceeds as a multistep process involv-

product (Stepd)).

At the same time there are a great deal of lo-adkynyl
radical cations which are closely related by their structure to
those which undergo dimerization accordingScheme 11
(b) but, nevertheless, undergo neither dimerization nor hydro-
gen abstractiofil0,26] One can assume that these processes
are very slow owing to low spin density at thg @tom of the
alkynyl ligand.

The neutral 17-e phenylethynyl manganese radical was
reported by Berke et gl3] to undergo slow coupling (§Hs,
20°C, 6 weeks),Scheme 13(a)). Only a moderate yield
of the bis-vinylidene was achieved (35%); addition of hy-
drogen radical to the £atom affording the mononuclear
vinylidene (Path If)) also took place. The latter pathway
becomes a prevailing in the presence of hydrogen donors.
For R = SiMeg a path b) is a sole pathway under either

ing oxidative addition across the carbon-carbon bond of conditions.

the alkyne in the 16-e complexo) followed by the loss
of methoxy group ) to give p-divinylidene complex in
70% yield.

Me Me

. -8 + +
[No]— || —> INb}—[| ——> INbl—C=C—Me
c (@ c

AN
= 16 e | 16 e COOMe
78 Loome 68 Cloome '®°
(C)l— MeO «
Me +
. \C=C=[Nb] 4o
INbj=c=c~ co <—— I[Nb]—C=cC—Me
Ve (d co
co 18% _
_ 17e
18 e

[Nb] = Nb(1-CsH,SiMe3),

Scheme 12.

An outcome of the oxidative activation efalkynyl ruthe-
nium complexes strongly depends on the identity of a sub-
stituent at the Gatom[27] (Scheme 1}

For R = Ph thel7-e radical cation undergoes dispropor-
tionation to give an equimolar mixture of cationic vinylidene

_ (b) M
[MnN—C=C—R ——> [Mn]=C=C
\R
(a) R =Ph, SiMe3
R
%C=C=[Mn]
[MnJ=C=C
R
[Mn] = Mn(dmpe)Cp' R =Ph
Scheme 13.
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/H

[Rul—C=C—CHR, —> {[Ru]—c c— CHR2} ‘<

[Ru] = trans- Cl(dppe)Ru

i, if FcPFg, CHoCly, rt, 1h
i, iii FcPFg + Ph3SnH, CHoCly, rt, 1h
iv, v 2FcPFg + Py, CH,Cl,, rt, 1h

[Ru]——C C
\CHR,

{[Ru]—c =c— cnz}—> [Rul=C=C=CR,

Scheme 14.

and allenylidene complexes<X ii). For R = H, Methis pro-

[Cp/ (dmpe)Mn-G=CPh]" proceeds slowly (CkCl,, 20°C,

cess is considerably slower (under the same conditions con6 weeks) to give a low yield of the corresponding
versions were 5 and 15%, respectively). This is presumably enediyne (20%). Such dimerization can be considered as

caused by the lower spin density at the &tom. In the pres-

a model for dimerization of [Cp(C@MN—C=CPh]" the

ence of hydrogen donors the mononuclear vinylidenes arekey intermediate in oxidative dehydrodimerization of man-

again the sole products (paith: iii ). The allenylidene com-
plex was prepared by treating the startinglkynyl with two

equivalents of oxidant in the presence of base. In the authors’

ganese phenylvinylidene Cp(C{)n=C=CHPh Scheme ?
[5a].
The dimerizations) can be thought to proceed vig C

opinion the reaction proceeds in this case by deprotonation ofcentered radicals arising owing to redistributionreélectron

the radical cation at the (osition followed by oxidation of

density along the carbon—carbon and the metal-carbon

the intermediate radical by the second equivalent of oxidant bonds. Therefore, such dimerization processes can also be

(i+iv+v).

Some 16-er-alkynyl complexes are also able to undergo
Cg—Cg dimerization to afford corresponding 2-butene-1,4-
diylidynes (Eq. (6)).

R
C=C— C—C=[M]

M]—C=C—R

] [M]——_C—C< (6)

R

+
Mn(CO).Cp, R=Ph
I\ﬁn(dmpe)Cp', R =Ph

M =
M] =

[M] = MO(N(CHzCHzNSiRs):;)
R= H, Ra = Me3, M82Ph

R = Ph, Me, "Bu, (CH2)3CN,

M] =
[ ] 4-CF305H4, 4-MeOCSH4

Mo[N(CHMe3)(3,5-Me,CgH3)2]3

The clearest example of such dimerization was re-
ported in[3]. A dimerization of manganesephenylethynyl

+e
[Cf—C=C—Ph —>
co -Co

Ph

c—c=[c] -2&
/
[CrE= c—c<

Ph

[Cr—c=

expected foro-alkynyl complexes that are even less elec-
tron saturated. The dimerization of formally 10-e and 12-e
o-alkynyl molybdenum complexes can be the examples of
such processd28] (Eq. (6)).

Attention should be paid to the fact that dimerizations
of the 17-es-alkynyl radical [Cp(dmpe)Mr-C=CPh} and
16-ec-alkynyl cation [Cp(dmpe)Mnr-C=CPh}" proceed at
nearly the same rate. Apparently, the charge of the metal
atom has no decisive influence on ligand-to-ligand coupling
(Scheme 1&nd Eq. (6), respectively).

3.2. Reductive activation of-alkynyl complexes

It was shown by Ustynyuk et al. thatg€Cg cou-
pling could also be induced by reductive activation of
o-alkynyl complexes. Thus reduction of Cp(GQy-C=
CPh with alkali metals gave the neutral enediyne Cp@CO)

C—Ph <—> [Cr]=C=C\@ }
l Ph
Ph -
_ c=c=[Cr]
[Crl=c=C
Ph

[Cr] = Cr(CO).Cp

Scheme 15.
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Cr=C-CPICPh-G=Cr(CO)Cp in 30% yield Gcheme 1p +e
[29]. The structure of the latter was established by X-ray @ CFsl
diffraction [29a]. It was concluded from CV and CPE stud- Mo=C—CH,'Bu —— Mo=C—CHj'Bu
ies that the addition of electron to the starting phenylethynyl (MeO)sP pome), (MeO)sP  p(oMe);
complex caused decarbonylation followed by-Cg dimer-
ization to afford the dianionic bis-vinylidene. The latter in-
termediate can easily be oxidized into the final product. A - Me. -H J
limitation of this reaction is instability of the product under (b) / - (@
conditions of its generation therefore only moderate yields /
are achievable. Similar transformations of molybdenum and CH.'Bu
tungsten analogues were found to give even lower yields I—Mo—c 2 H
of the corresponding enediyng9b]. The other redox in- (Me0)3F/ AN /\P(OMe)z I\Mo=c:c/t
duced interconversions of bis-vinylidene and 2-butene-1,4- o= (Meo)sp/POM NBu
diylidyne complexes are discussed belovsection 5 (ONe)s
Scheme 16.
4. Redox induced reactions of transition metal trifluoromethyliodide was describg@2]. The authors pre-
alkylidyne complexes sumed that the reaction is a multistep process with electron
transfer from the carbyne complex to n the first step
4.1. Oxidative activation of alkylidyne complexes (Scheme 1B The vinylidene ligand is formed through ho-

molysis of the G—H bond in the 17-e carbyne intermediate

Oxidative activation of transition metal alkylidyne com-  (Step @)). Nucleophilic addition of iodide ion completes the
plexes remains essentially unexplored. Such an oxidativeformation of Cp(P(OMey),(I)Mo=C=CH'Bu.
activation of 18-e alkylidyne complexes can be expected  The chelate carbene-phosphonate complex Cp(P(€)Me)
by analogy with vinylidene complexes to undergo homol- ())Mo=C(PO(OMe})CH'Bu is also formed presumably via
ysis or deprotonation of the goH bond affording 16-e  competitive trimethylphosphite shift from the metal center to
or 17-e vinylidene complexes, respectively. However, clear the G, atom followed by an Arbusov like rearrangement.
examples of such processes were not reported until now.

Some examples of €4 bond activation were found by 45 Reductive activation of alkylidyne complexes
McElwee-White and Torracg80] on studying the photoin-

duced electron transfer in alkylidyne con_wplexes of molyb- By analogy with the reductive activation of vinylidene
denum and tungsten but we do not discuss them here.complexes the reduction of 18-e alkylidyne complexes can
Pombeiro et al. reportg@Bl] that alkyl substituted car- proceed through homolytic scission of the-G4 bond
byne complexes of rhentlum [ReEC-CH;R ([Re] =trans- to yield 18-e vinylidene compounds. However, such pro-
ReCl(dppe), R = Ph or'Bu) oxidized reversibly at +1.60  cesses are extremely rare. It was pointed out by Pombeiro
and +1.56V, respectively, in acetonitrile (versus SCE) and [31] that the reduction of benzylcarbyne cation leads to a
activation qf G-H bond ‘was not obseryed. Unlike the phenylvinylidene complex3cheme 1Y, Hydrogen was de-
above alkylidynes the oxidation of the aminocarbyne com- tacted by gas chromatography. The monoelectronic reduc-
plex [Re]'=C-NH, resuits in the deprotonation into the {jon of 18-e cationic alkenylcarbyne complexes of tung-
corresponding isocyanide [Re}C=NH [8]. Electrochem- sten (dppe)(CQLW+=C-CH=C(CH,), (n=4 or 7, L =

ical oxidation of cationic and neutral alkenylcarbyne com- g [8c], CHsCN [8d], CNR [8e]) was reported to pro-
plexes of tungsten (dppe)(CENV " =C-CH=C(CH,), and ceed irreversibly but the expected allenylidene complexes
(dppe)(COYX)W=C-CH=C(CH,), (=4 or 7, L = CO (dppe)(CO)LW=C=C=C(CH,),, were not detected.

[8¢c], CH3CN [8d], CNR[8e]; X = Cl, SCN, OCN[8c]; CN Another example of reductive scission of-@H bond

[8d]) was studied by CPE. The process is multielectronic and \y55 found by our groug6]. The manganese benzylcar-
accompanied by the loss of protons, the number of consumed

electrons and the amount of protons formed being dependent .
on the nature of X and L. For example, the CPE of acetoni- mj=c—cH,ph _*+° { [M]==C— CH,Ph }
trile (L=CHS3CN) and cyanide (X = CN) complexes proceeds _ —
i . . 18 e 19e
with a consumption of three electrons and accompanied by \
the loss of three and one protons, respectiy@tl}. The au-

thors believe that the deprotonation involves bogh-8 and H
C—H bonds of cycloalkanylidene fragment, however attempts | Ml = ';I’ "’“(;"'(')(dg';??iec' M=c=c{ + 12 H,
to isolate corresponding complexes failed. n(CO)PPh3)Cp 188 Ph

An unusual example of iodovinylidene complex forma-
tion by the reaction of molybdenum carbyne complex with Scheme 17.
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5 pA

v : ' " + + \Y + + +
0.5 0 -0.5 -1.0 -1.5 0.5 0 -0.5

(@) (b)

Fig. 1. Cyclic voltammogramm of complexes [Cp(CO){PiMn=C—CH,Ph]BF; (a), and [Cp(CO)(P§P)Mn=C—CHPh—CHPh—C=Mn(CO)(PPh)Cp]
(BF4)2 (b). (CH:Cl,, GC-electrode, 0.1 MBusNPFs, sweep rate 200 mV'$, potentials vs. SCE).

byne cation Cp(CO)(P#*)Mnt=C—CH,Ph undergoes ir-  in the molecule and, second, these reaction centers can be
reversible one-electron reduction -afl.23V (versus SCE)  selectively activated or blocked using redox reactions. The
(Fig. 1a, peakA). On the reverse scanning of potential the known examples of redox transformations for bis-vinylidene
peakB appears at the potential characteristic for the authen-and bis-carbyne complexes are given in Eq. (7).

tic phenylvinylidene complex Cp(CO)(RR)Mn=C=CHPh. Re, _ Re,

+
Itis interesting to note that related binuclear bis-carbyne com- Je=c=m _"2° _ SLTEEM
plex [Cp(CO)(PBP)MI* =C-CHPh-CHPh-C=Mn+(CO) ™~ =%, e MEeC
(PPR)Cp](BF4)2 undergoes reversible reduction under CV

conditions Fig. 1b, peaksC4, C»), though preparative re- oot

duction leads to the.hor'noly5|s of theyeH bqnds to form M] = Fio(CORTp'; R=H

the corresponding bis-vinyliderjbb]. Alternatively, the re- [11a] _

duction of related manganese butanediylidyne complexes car (M] = W(COLTP'; R = H, Me, CH;Ph

proceed through a scission of thg-@&g bond and regenera- [30] [M] = Mn(CO),Cp;R =Ph

tion of mononuclear vinylidene complexes (reverse reaction [M] = Mn(CO).Cp*; R=Ph

to Eq. (2)). [3] [M] = Mn(dmpe)Cp'; R = Ph

Transition metaj.-2-butene-diylidynes can also be pre-

5. Oxidatively induced nucleophilic addition to pared by alternative methods, for instance using alkyne
binuclear complexes with a bridging metathesi$33].
r-2,3-Ph-1,3-butadiene-1,4-diylidene ligand We began a systematic study of oxidatively induced nu-
cleophilic additions to the Gatoms in transition metal bis-
Redox induced reactions of vinylidene awndalkynyl vinylidene compounds as shown in the gen&elheme 18

complexes can be successfully used for synthesis of binucleaif these carbon atoms are insufficiently electrophilic to un-
complexes with bridging.-divinylidene (1,3-butadiene-1,4-  dergo addition of protonic nucleophileSgheme 18(a)) the
diylidene) anduw-enedicarbyne (2-butene-1,4-diylidyne) lig- reaction can be induced by two-electron oxidation of the
ands, as was shown in the previous sections. The chemistry obis-vinylidened into dicationic 2-butene-1,4-diylidyne com-
such compounds can provide in the future some new oppor-plexesll (Scheme 18(b)). Both G, carbons in such com-
tunities for their use in organic synthesis because, first, two pounds are more electrophilic relative to those of the initial
electrophilic G, and two nucleophilic g atoms are present  complexedl, facilitating the formation of nucleophilic ad-



1690

R 4 R
M}=C: -2 [mME=C R
C=[M] (b) C=[M]
R R

NuH, R: :R NuH,
@ | > m=c CmiM] <2 | T2
S (©)
1]
HNu
Ne—
R C=[M] Ell
K>
[M}=C R (d)
\NuH
v
Scheme 18.

dition productslil or IV. For diprotonic nucleophiles and
isomers ofll with a Z-Cg—Cg central double bond, a nu-
cleophilic addition Scheme 18(c)) is expected to proceed
with a cyclization into cycloalkenediylidene complexds.
In the case oE-isomers ofll reactions ) should lead to
acyclic binuclear complexely/ with a bridging 2-butene-
1,4-diylidene ligand.

In the context of exploring the reactions 8theme 18
it is important to know the geometry of the central C
moiety in complexedl . In the initial bis-vinylidened the
occurrence of is or s{rans conformations of the cen-
tral C4 moiety (torsion angles £Cg-Cg-C, of 0° and

D.A. Valyaev et al. / Coordination Chemistry Reviews 248 (2004) 1679-1692

ied complexes [9,16,19,21] Only in two manganese com-
plexes Cdmpe)Mr=C=CPh-CPh=C=Mn(dmpe)Cp [3]
and Cg(CO)pMn=C=CPh-CPh=C=Mn(CO)Cp* [34] the
values of G—Cg—Cp—C, angle are 86.3and—76.4 respec-
tively. The known conformation of enables the straight-
forward prediction of the geometry of the,€Cp—Cg—C,
moiety in I, provided that the oxidation of (i.e. s
cisl — ZIl or stransl — E-Il) proceeds selectively.
However, this assumption need to be experimentally tested
especially for the reactions carried out in coordinating
solvents.

To ensure successful realization of the reaction of the
Scheme 18he reagent$ and Nub should meet the fol-
lowing requirements:

1. the bis-vinylidenekshould be inert to Nublunder condi-
tions of thermal initiation; the reaction should be induced
by oxidation ofl into Il ;

2. the nucleophiles Nugkhould be of limited reducing abil-
ity in order to not remove the target intermediaiegom
the reaction media by reducing them into the inijial
divinylidenesl;

3. the reaction centers f&toms) of bis-carbynds$ should
be sterically accessible for the attack by nucleophiles
NuHo.

We have studied34] the oxidatively induced addition
of oxygen nucleophiles (30, OH™) to manganese bis-
vinylidene complexest>-CsRs)(CO)Mn=C=CPh-CPh=
C=Mn(COX(n°-CsRs) (1, R = H; 2, R = Me) (Scheme 19
It was shown that cyclized bis-carbene produsts are

180, respectively) is governed by the steric requirements formed and this reaction proceeds via the pathway+
of both R groups and the metal surroundings, this angle be-(c), (Scheme 18 Complex1 is unreactive towards an ex-

ing found to be close to 180n crystallographically stud-

(a)H20 or (b)OH

cess of water but the addition of oxidant (FCcBRgBF,)

h |
Ph> <Ph P Ph Ph Ph
-2e
¢ R + A C\\ + m
[Mn]/ \Mn] © [Mn{/ \[Mn] [Mn Mn]
1,2 3,4 OH 5,6
(k) (fOI' 4)
M |-z H0,—H* \ () e
(for 3) ©)]-
P Ph P Ph Ph Ph
_— HzO,"H+ —_—— -e c
C (o} C: “C —_— [
+ \\ N '\\ -~ \
[Mn(/ §[Mn] @ [Mn]/ OH \\[Mn1 () [Mn]/ NGH \[ﬁn]
7 8 9,10
1,3,5,7,8,9 [Mn] = Mn(CO),Cp
2,4,6,10 [Mn] = Mn(CO),Cp*

Scheme 19.
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the G, atoms. However, in a doubly oxidized form it reacts
with a stronger nucleophile, namely hydroxide ion, to give
6 in 15% yield Gcheme 19(c) + (k) + (€)). The molecular
structures ob and6 were determined by X-ray diffraction
[34].

The reaction sequencieSg¢heme 19(f) + (g) + (h) +
(e) and €) + (d) + (e)) are the first examples of oxidatively
induced nucleophilic addition to bis-vinylidene complexes
resulting in a cyclic productsScheme 18(b)+(c)).

A,

6. Concluding remarks

This review clearly shows that redox activation of tran-
sition metal vinylidene and related complexes leads to the
appearance of spin density on the ligand so that subsequent
reactions (G—Cg dimerizations, cleavage and formation of
Cg—H bonds etc.) proceed as a rule at thgafoms and not
at the metal atom as could be expected for example for 17-e
complexeg35]. Results of redox initiated reactions are con-
trolled by a delicate balance of a number of factors mainly a
charge and a ligand environment of the metal and a steric vol-
ume of substituents atg&atoms. However, some non-radical
reactions like nucleophilic addition to the,Gtoms in tran-
sition metal bis-vinylidenes can also be redox initiated.

B, Some reactions of transition metal vinylidene (for exam-

ple cycloaddition processes) have not yet been neither cov-
1.0 0.5 0 -0.5 1.0 -1.5 -2.0 ered by the redox-activation methodology nor subjected to
() the quantum-chemical analysis. Nevertheless one can fore-
cast that new redox reactions of transition metal vinylidenes

Fig. 2. Cyclic voltammogramm of complexes 1;(a)- H,O (b); 5 (). (THF, will be developed in a near future including redox catalytic
GC-electrode, 0.2 MBusNPFg, sweep rate 200 mV$, potentials vs. Fc). transformations.

B3

\

immediately induces the reaction to affé&ith 76—90% yield.
CV studies revealed that reactionlofvith water starts after

the first electron is removed and is fast on the CV time scale . . .
(Fig. 2 Authors are grateful to Russian Foundation for Basic Re-

search (Grants No. 99-03-33060, 02-03-33180) and Program
of the Presidium of the Russian Academy of Sciences “Di-
rected synthesis of substances with a prescribed properties”
(No. 587-03) for support of our study of redox reactions of the
transition metal vinylidene and carbyne complexes. We also
express deep thanks to our colleagues M.G. Peterleitner for
electrochemical studies and A.H. White, V.N. Khrustalev and
M.Yu. Antipin for X-ray crystallography studies and stimu-
lative discussions.
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Compoundl in THF solution shows two reversible one-
electron oxidation peak&i, A2 (Fig. 2a) corresponding to
the removal of the first and the second electron, respectively.
Addition of water to the solution of in THF changes the
cyclic voltammogram considerabl¥ig. 2b). Even the first
oxidation peakA; becomes irreversible and new reduction
peaksB1 andB, appear on the cathodic branch of the cyclic
voltammogram. These peaks coincide in their potentials with
those of reference compoubdFig. 2c).

CV data and chemical experiments reveal the reaction of
1 with H20O in THF solution to proceed via stagd$ € ()
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