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Abstract 

A large number of transition metal compluscs ;we knoivn that contain cyclic ;r-hydmcar- 
bon ligands. In many casts. coordi.~;~tion to the met;!1 imparts signilicant elcctrophilic 
character to the hylrwxrbon. In this review. the elecrrophilic properties of cyclic dienyl and 
tricne cotnplcxcs ;lre examitwd. Fcs:urrd rc‘actions with nuclsophilcs include ( 1) single and 



double addition to the co<>rdinittcd ring. (2) substitution of n ring substituent. c.g. chloride. 
(3) del,rot<>tt;ttiot\ ot’ the coordinated ring or a side chain. (4) lipud substitution and (5) 
single cicctron transli’r. The mechanistic aspects ot’ thcsc rcactians arc discussed with rcpard 
tc: clectrophilic and nuclc~~philic reactivity. rqiochemistry. stcrcothcmistry. and dct&d 
rci\<tlou p;tth\Viiys. The tncchat:istic principles LIT: illustrutcd by SC~CW~ synthetic irpplicil- 
IIOIIS. !' 1990 L%wicr Sctc’ticc Sk ,111 rights rc’;er*vcd. 
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subject io :;ucleqhiIic addirion re;~tia~ Since the time that one of 115 (lJ.+-\.S. I 

published ;I rcliew [I] on the present topic. several related re\Yz~vs hat e ap!x\r~~l 
These payers cover topics ~vhich inctude: nucleophllic addition to m;lll~;tnl‘~rt-~~\ii;‘- 
dinated arent’s [Z], the chemistry of arene complexes of chromium [3]. 1riln [-I “1 
and ruthenium [7.8], and polymetallated hydrocarbon complexes lacking nleri\ t 
metal bonds [9]. Comprehensive Orgacometallic Chemistry II. pllblished in 1435. 
contains useful reviews of nucleophilic attack on dienyl complexes [lOI an4 IILK!C- 

I;philic xddition [I I], ring lithiation [I?]. and side chain ;ux\ation [l!j of L:PPI~ 
complexes. 

2. Chemical reactivity of qclic z-hydrocarbon ccrmpleres 

Severa: metal fr;tgments are available for z-coordination. of aromrtrics. as r;hcw II 
in Scheme 1. The complexes vary not only in reacrivity. bat also in the t-:1x (:I’ 
milial preparation. Reyesentati\,e qrntheses for several comDounrls are show1 in 
Scheme 3. The [( r/“-areneK’rl CCI),] complexes may be prepared. for mos: N-<II~:\. 
either direcrty from [Cr(CG),,] or from [CriC‘O),L:] (L = Nl-i :. py. or MeC3 I [i-Ii 
The [(rl”-urene)llln(CO);] cor;~plescs art: ~yltlwized frotn the reacti\‘e internwi~- 
ate [Mn(CO),j \vhich is itseif prtpared b!r halide abstraction 1.i:t:y [MnlCO:A] 



using AiCl: or Ag(l) or, alternatively, by direct oxidation of [Mn,(CO),,,] with 
strong acid in trifluoroacetic anhydride [l&16]. As a milder route to either the 
chrotnium 1171 or the manganese [I 81 arene complexes. polycyciic aromatics can be 
coordinated and exchanged under mild conditions for other arenes. The 
tMn(CO),] . fragment is particularly electron-deficient and does not tolerate 
strongly electron-\~ithdrawing arene substituents such as nitro and x-keto groups 
[15]. 

The [(Ii”-arene)FeCpJ - complexes are prepared from ferrocene or [CpFe(CO),Cl] 
by iigand exchange in the presence of AICI, [4], while the ruthenium analoqes are 
produced similarly from ruthenocene or under milder ligand achange conditions 
from [CpR.u( NCMe),] .’ [7]. Analogously. the syntheses of [( ,I “-arene),M]’ - com- 
plexes differ for iron [6.19] and ruthenium [&XI]. The iron complexes must be 
prepared usin, ~7 FeCi: or FeCi- and generally cannot tolerate sensitive functionali- 
ties. The ruthenium species are formed under mild conditions by halide abstraction 
from [ I ( rl “-arene)P_uCi,),] or by iigand exchange from [( rlh-aretle)Ru(OH,),]’ -~ . 
The cyclohexadienyl complexes of [Fe(CQ),] are made from arenes which are first 
reduced to diznes by Li ‘NH,. then metallated using [Fc(CO),] or [Fel(CO),,]. and 

fina1iy. converted to the dienyl by 

3, I, Giwcwl w~r~‘f~~~,r prtllu’Lrl’s 

Each of t!le complexes shown 

H abstraction using Ph,C _ [13]. 

in Scheme I is rendered eiectrophilic by the 
presence of :I metal group and each is therefore subject (to varying degrees) to 
reactions \vith nucieophiies. The \\ide range of k~~c~vn reaction patlnvays is illus- 
trated in Scheme 3. using [(z-arenc)Mn(CO):] as a representative electrophile. 
Generail~~ speaking. thes.~ rcilctions fall into thrw catcsorics: (1) inner sphere 
electron transfer (rcsuhing in nucleophilic substitution or addition). (2) outer sphcrc 
L‘lectron transfer (genrraGng radicat produ;tS). and 13 I proton transtkr. Rcactivit!; 
01’ all three types teilds to follow ;I single overall Lrrw,i \vhich J~‘pcnJs on the 
rzl2tivc electrophiiicity of the variuus organomctatiic compiescs. 

Cyclic r-poiyer;e Qands coordinated to clectrophilic metal I’rqments are subject 
IQ nucleophilic displacement reactions. A rcquircmcnt for this reactivity is the 
presence of a suitable Ieavin g group (sometimes rcferrcd lo as the nucieofugc). 
Substitution reactions are of signiticant synthetic interest bccausc the product 
retains eiectrophiiic character. allo\ving for further transf~~rmations. Thus. for 
example. conversion ol‘ cntionic [(rl”-C,,~riCl)ML,!] gonerates cationic product!;. 
[(II”-C,,H,R)ML,,] . The ialter are subject to nuclcophilic addition reactions (see 
Section 2.4). Alternatively. multiple substitution reactions may be carried OKI. The 
enhancanent of renc!i\,ity imparted by the metal fr:lgment. ML,,. to~vard nucie- 
ophilic substitution [‘I 271 gencraliy parallels that of nucleophilic addition [I]: 

[Cr(COIJ] < [Mo(CO);] +z [F&p] r; [hln(CO)J . Flur,rc~~rrc)lilatics arc more xtc- 
tive tavard substitution than clllr)rc,;lrc)lll;ltics 12 i .1_)]. 



By fdr the most intensively studied systems have been tl;e complexes of the 
[F&p] .- (and, to a lesser extent, the [R&p] - ) fragment, Eq. (1). 

[(rl “-C,,i~,Cl)FeCp] + Nu -+ [(r/“-C,,H,Nu)FeCpj - + 61 (1) 

Since the first description of this reaction by Nesmeyanov [23,24], a vast arsenal of 
relatively soft anionic nucleoplriles, including amides. enolates. thiolates, ni- 
troalkyls, alkoxides, and many others. have been brought to bear on it [6,X-29]. 
Although the chloro group is more commonly used. the nitro group is similarly 
effective as a nucleofuge [30-321. The tethered aryloxy group can also serve as a 
leaving group when [(rl”-dibenzofuran)FeCpj _ , or similar oxygen-bearing hetero- 
cyclic complex, is reacted with a nucleophile [33,34]. 

The probable mechanism of nucleophilic substitution of chloride by a stabi!ized 
carbanion is shown in Scheme 4 [35]. The initial and, typically, reversible addition 
of the nucleophile occurs at the or*/lrcl position. In the case of hard carbanions and 
even some ketone-enolates, the o-chlorocyclohexadienyl product is isolated [36-341. 
Nucleophile migration can produce tha ipso attack product. ithich is isolated 
through the loss of HCI (or release of C1 when the nucleophile cannot 
deprotonate). 

Abd-El-Ariz [40,41] and Pearson E42.431 have rea,ted [( rl”-chlorobenzene)MCp] - 

(M = Fe, Ru) \vith dinucleophiles to prepare a variety of bridged binietallic 

I 
MnW), 

I 
Mn(C0)3+ 

Nu -lr 
h(CO), 

0 



+ CH(CO&- . , 

complexes. nor example, the reaction with hydroquinone in the presence of base 
affords the /I-diether complex [CpFe(II”-C,,H,-0-C,,H,-0--!I”-C,,H,)FeCp]’ ’ . 
Sew-al studies have been carried out using dichlorobenzene complexes. Either 
mono- or disubstituted products can be realized from the reaction with simple 
nucleophiles [6,40,44]. The use of dinuclcophiles allows for ring closure or the 
formation of oligomerh. The o-dichlorobenzene complex of [FeCp] 1 reacts with 
i .2-disubstituted aromatics bearing the appropriate heteroalorn substituents to 
produce l’uwd ring heterocyclic comple.ies of type (I) [45--471. 

4P 

Fe+ 

6 

1 X,Y = 0, S, NH 

Two industrial groups have demonstrated the polymerization reactions of [(II”-/)- 
C,,H,Cl,)RuCp~] (Cp’ = Cp or Cp*) with aromalic osysen- and sulfur-based 
dinuoleophiles. producing poly(phenylene oxide) and poly(phenylene sulfide) poly- 
mers bearing [Cp’Ru] _croups [48.49]. One polyether, derived from Me,C(p- 
C,,H,OH): (bisphenol A) and the p-dichlorobenzene rutheniwb complex, showed a 
.\I,, value of 6170 by scl permeation chromatography after demetallation [4S]. 
Abd-El-Aziz has estended the concept of substitution polymerization by developing 
cr!!:!rc~llrrI hlty-\viw c,liCc~rn~rizatiC111 reactions [50,51]. The key to his ivork is the 

use ot’ tnollo~ubstitution reactions of the dichloroaromatic complexes to produce 
s! ntlletiu;~ll~~-useful fragments. such as 2. 3. and 4 (Scheme 5). These have been used 
to synthesize monodispersc, soluble oligomers having up to 69 aromatic rings and 
35 [CpFe] groups. 



+ 2 Cl4gzJ-0~0~ue 
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Less substitution work involving [fir-arenefCr(CO),J and [(n-arena-)hlln(CO):] - 

has been carried out. Tile fluorobenzcne. chiorobenzene and dichlorobenzene 
complexes of chromium tricarbonyl have been successfully reacted witt; thiolates. 
amines. hydride, and carbanions to give substitution products [57-&I]. Pvlechanistic 
studies have revealed that nucleophile attack at non-ipso positicw (similar to thar 
shown in Scheme 1) also takes place in the chromium system [37,61]. hJb;leophile 
migration again results in the isolation of the substitution product. Aryl ether 
monomers have been synthesized from [( n-&,H,Cl,)Cr( CO) <] and aryl oxides; 
however, the second nucleophilic substitution was fcund to be great!y retarded by 
the aryloxy substituent 164. Bimetallic complexes, 5. have been generated through 
aromatic substitution when [(‘I~‘-C,,HiX)Cr(CO),] (X = F. Cl) has been treated with 
organometallic nucleophiies: ML,, = [Fe(CO),]’ , [MtCO),] (M = Cr. W). and 
[Cp:Fc(CO),] [63-671. Several researchers have reported that methoxy and amino 
groups can act as nucleofuges during reactions with hydride or carbanions [68-711. 
In several instances. the unusual remote (IUJ~U or i~III.L(~~so-callecl wit>) displace- 
ment of the nucleoi‘uge is reported (vide infra). 

I 
Cru33)3 

5 

The initia1 investigatioils of nucleoph!hc substitutior: reactions involving [(I/“- 
chloroaromatic)Mn(CO)J ’ Lvere carried out by Pawon during the 1970s [72]. 



Since ihat time, a few synthetic applications cf this chemistry toward the prepara- 
tion of diql ethers have appeared [73-751. incIuding 6, 

6 H 

iI11 inttxmediale in the synthesis of protected ristomycinic acid. 7 [75]. 

OMe 

One inherent limitation of the mangan:se system ih the apparent inacc&sibilitv of 
[(n-dichlorobenzene)Mn(CO),] _. Attempted synthesis of the or*tltu isomer f;om 
[Mn(CO)@] under Lewis acidic conditions produced the unexpected substitution 
product 8 [I 5,761. 

MW% 

I 
Mn(CCI)3’ 

8 

Neutral [(~~5-cyclohexadienyl)Mn(C0),] complexes bearing alkosy, halide, amino. 
or thio substituents at unsaturated ring carbons were created with hydride donor 
reagents and then protonated as sho~vn in Scheme 6 [77]. Hydride addition 



Lr\tiriably occurred pcrw to the methoxy group. Et& protonation {via the metal) 
produced an i\fostic intermediate. \vhich readilq underwnt metal migration before 
eliminating CH,OH. Taken together, the sequence in Scheme 6 represents a 
prow-I& substitution of H for Me0 . Other ring substitucnts also resulted in 
remote hydride substitution. 

Benzylic hydrogens of cyclic n-polyene ligands (especially those coordinated to 
carbonyl-bearing and or cationic metsl fra_mnents) are moderately acidic. This 
phenomenon results from the combination of electron-withdrawing effects upon the 
acid arId resonance stabilization of the conjugate base. Of course. similar effects are 
encountered with simple electron-withdrawing substituents, such as tht: niuo group. 
As a result, studies have been conducted comparing the kinetic and thermodynamic 
acidities of PF,CH2, Ph,CH. and Ph,CHCN with phenyls bearing nitro substituents 
or coordinated to the electrophilic metal centers: [FeCp] _ and [Cr(CO),] [7S -SO]. 
([Mn(Ci)),] - has not been included in these studies. However. since this fra_gment 
offers the greatest nucleophilic substitution rate enhancement [I]. it probably heads 
the list of benzylic hydrogen acidity enhancement as well.) Kinetic acidity of 
benzylic protons appears to be greatl!: enhanced by organometallic substituents: 
~I-NO~ < [Cr(CO),] c [FeCp] _ . However, the metal complexes are also reproto- 
nated more rapidly. Thermodynamic acidity (pK,) follows a sometvhat different 
trend: [Cr(CO),] K [FeCp] _ +_ P-NO,. Moreover. in contrast to the effects of m&i- 
pie /I-nitrophenyl groups. the effect of t\vo organometallic groups upon xidity is 
only slightly additive. This is probably a steric phenomenon. 

Deprotonation x to n-coordinated arenes has been demonstrated for the metal 
fragments and substituents indicated in Scheme 7. The manganese [72_Sl.S2] and 
iron [83,84] fragments produce stable heteroatom benzyl complexes. which have 
long been recognized. The anionic [(rl’-C,,H,-O)Cr( CO)?] is now known as well 
[S5]. The tt”-hydroquinone and -catecho complexes of [Mn(CO),] - have been 
prepared and deprotonated to produce tl’-semiquinone species [S6]. Scheme 7 
indicates that the various heteroatom cyclohesadiengl complexes react readily at the 
X atom with common electrophiles, including alkyl h4ides. acyl halides. sulfonyl 
halides, CS,. alkglsilvl chlorides. and ;lalogens. Hence. o xrall electrophilic substitu- 
tion reactions can be carried out at these positions. The products possess renewed 
electrophilicity and hence are subject to nucleophilic addition [SZ]. 

MI+., = [cr(CO)d, [Mn(CQ)$ [FeCpl’; X = CHa NH, 0, s 
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As s!w\vn in Scheme 7, benzyiic carbons in 7-r-arene complexes are also deproto- 
nated x:;ilb,. Thih deprotonation is especially facile for benzylic hydrogens of 
II”-indene, -tIuorene, and complex Y (Scheme 8) [87]. The metal fragment undergoes 
a thermal ring shil’t reaction. Eyman’s [8&89] and Gladfelter’s [90] groups have 
pwduced ;: series of unstabilized benzyl and o-xylllene products through deproto- 
nation of methylaromatic complexes of [Mn(CO),L] __. as indicated in Scheme 9. 
The beilzyl products react with organic electrophiles (EX), such as those listed 
above. Such species are particularly nucleophilic when a phosphine l&and is present 
on the metal. These compleses have been shown to react \vith organometallic 
electrophiles (E’X = [Mn( CO),Br] and [CpFe(CO),l]) and to abstract halogen 
atoms from chloroform and carbo:l tetrahalides. 

o-Xylyiene complexes of ruthenium are also produced th~oqh double deproto- 
nation. Bust treatmenr of [( I/“-C,,M~,,)~RU]’ . yields I(~l”-C,Me,,)Ku(riJ- 
C,,Me,(CH,),)] in \vhich the metal atom is c;rw’o. i.e. coordinated to the _ _ 
c~xJohe?taJicne portion of the hydrocarbon [91.92]. In contrast, Bennett reports 
Ihat the deprotonatkn of [( /I’-C,,Mc,, , H ,, )RuLIY] (.u = O-4: L = phosphines. 
phosphites: Y = ONO:. O,KF;) producing [(II”-C,,Me, , H, (CH,),\RuL--1 usually 
resullt; in the metal being situated in :hc r.w position [5]. 

Astruc has reported B iwiety of synthetically-intriguing transformations associ- 
ated with the deprotonation of [(/I”-C,,Me, , H, )FeCp] . (s = O-,4) [6,95-951. He 
hi\s shwvn that l?.!e-pot deprotonation alkplation of alI >thyl groups can 

I_ = co. PFl3: 
y = o-4 

EX or t‘A 
/ 

I 
Mn(CO),L+ 

M e4+ _/C’lzE 
-CH, 

I 
Mn(CO),L’ tin(C0)3+ 

c- 
rtlnpq3 



achieved. Successful alkylating agents have included alkyl. allyl. and benzyl halides. 
Multiple functionalizations at each methyl can often be achieved, for example as 
shown in Scheme 10. Similar alkylation reactions have been carried out upon the 
methyls in [Cp*CoCp] _ [96]. 

[( r-Arene)Cr(CO),] complexes have been deprotonated and alkyl;ited at benzylic 
positions to synthetic advantage; this topic has been reviewed extensively [1X97]. 
Deprotonation of ~(il”-C,,H,CH,OH)Cr(CQ),] by alkyllithium at the alcclhol is 
itccompanied by directed nuclcophilic addition at an N&J position 1981. Unique to 
r 1 -arene)Cr(CO)J among electrophilic arene complexes is the facile deprotonarion 
and lithiation of the ring. This reaction and the subsequent addition of electrophiles 
to the lithio complexes are also widely utilized in synthesis and have been reviewed 
[ 111. Etectrophilic attack on lithioaromatic chromium complexes, when followed by 
nucleophilic addition. ccnstitutes a strateg for double functionalization of coordi- 
nated arenes. 

13ecently, E(il”-lithioarcl~e)Cr(CO):] species hrz!x been utilized in the syntheGs o! 
polymetallic products. Orpanometallic electrophiles nhich hsye been reacted ivith 
thcve chromium compounds (with the displacement of halide) include: [Cp,TiCl,]. 
[Au(PPh :),Cl]. and [Mn(CC&Br] [99--lOI]. i II the latta- case. reaction in the 
presence of added P(OMell or chelating diphosphine produced migratory insertion 
products, such as 10. 

wMn,c*, L I 4 

crpq, 

10, t_ = P(OMe)3 

Reiteraiiv: lithiation, follol\eed by treatment n3h [(rl”-betlzene)Mn(CO),P~OEt):] * . 
produce.3 the interesting tetrametallic product I1 [ 102]. 

~n(COl2L 

ct(co), 

11, L = P(O& 
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reaction, which, in spite of being termed an addition. is in reality a displacement 
reaction involving formation of :I C-X bond with concomitant cleavage of a M-C 
bond. X is the nucleophile donor atom and can be C, N, P, 0. S, H, or even a 
metal. A few reactions are collected in Scheme i 1, which serve to illustrate the great 
diversity of nucleophiles that can be added to coordinated n-hydrocarbons. Many 
more examples are provided in general reviews [9- 1 I] and in the following 
(selected) specific articles: [( rt ‘-cyclohl:xadienyl)Fe(CO)J] * [ 10,103 -- 1071, [( rl ‘-cyclo- 
hexadienyl)Mn(CO),NO]- [2,108- 1 IO]. [()I”-arene)Cr(CO),] [I I,1 i I-l 141. [(I]~‘- 
arene)Mn(CO),] - [2.102,11O.l15- 1221, [(I/“-arenejMCp] - (M = Fe, RU) 
[I 1,123,124], [(r/“-arene),M]’ _ (M = Fe, Rc. OS) [6.125- 1?9]. [(II”-cyclohcpta- 
triene)Mn(CO),J- [130,131]. [(II--tropylium)Cr!COj,] _ [132- 1361. and [(/I’-cy- 
clobutadienejFe( CO)zNO] [ 137.1381. 

Nucleophilic addition can also occur at the exocyclic double bond in styrene and 
Jihydronaphthalene type complexes, as illustrated by Eqs 2 and 3 [139- 1421. 

hlcp+ 

(4) 

&GO) 3 cr(co), 

Phosphorus dorm nucleophiles have befx cstensively employed in nucleophilic 
addition reactions, in p;rrt because the reactions are generally clean and amenable 
to kinetic study (see Section 2.4.1). One especially interesting example is the 
addition of trialkyl phosphites. such as Ib(OMe),, to [(C,,H,,j~M]~ (12; M = Fe, 
RUI, It ~vas found [144] that the addition of a IO&fold excess of P(OMe), to a 
slurry of 12 in slightly wet MeCN produced a homogeneous solution from which 
the starting cotnp1e.u 12 reprecipitated after several minutes. ivhile all of the 
phosphite \vas converted to dimethyl phosphite. HP(O)(OMe&. In other words, 
complex 12 is a homogeneous catalyst for the conversion of F(OMej; to 
HP(Oj(OMe),. The proposed chemistry involved is iltustfated in Scheme 12, The 
cyclohexadienyi phosphonium adduct (13) in this mechanism \vas detected and 



2+ 

+ P{OMe)3 - 

14 
p3w2 

0 

characterized. The phosphorus atom in 13 is activated to nucleophilic attack by 
IEater to afford the dimethyl phosphonatc adduct 14. The H - liberated in this step 
cleaves the phosphonate group to regenerate 12, which then repeats the cycle until 
all of the P(OMe), is consumed, after which it reprecipitates. 

Although nucleophiles can react i\itln electrophilic ~-hydrocarbon complexes b> 
il wriety of path\~ays (see Section 2.1). simple addition to the hydrocarbon is the 
most synthetically useful reaction. There now exists sufficient mechanistic and 
kinetic data wch that me;.mingful insights into the factors controlling nucleophilic 
addition to coordinated n-hydrocarbons are possible. At a rather basic level, it is 
important IO note that addition reactions, as typified by Scheme 13, almost always 
form products with the nucleophile situated in an ~su, and not iln cwrk~, position. 
This fact suggests strongly that addition is a direct process that is nat norma!ly 
preceded by initial attack at the metal or another ligantl t I .). 

Nu 
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The important mechanistic questions concern how the reactivity depends on the 
metal, the r-hydrocarbon, the nonreacting ligand$, and the nucieophile. It may be 
anticipated that the susceptibility of an organometallic electrophile to nucleophilic 
attack would be reflected in some of the former’s extrakinetic properties. Thus, a 

correlation has been noted [145] between the rate of tertiary phosphine addition 
and reduction potentials for a series of planar cyclic n-hydrocarbon complexes. 
Bush and Angelici [146] defined a parameter, k&,, that reflects the relative reactiv- 
ity, in either a thermodynamic or kinetic sense, of benzene complexes [(x- 
GJ-MML,l” - . The parameter k?,, is the average C-O stretching force constant for 
the hypothetical complex in which CO replaces the benzene, i.e [(OQMLJ” _, 
and shows in a semi-quantitative manner what would be expected qualitatively- 
the higher I*~.() stretching frequency, the more electrophilic the complex. 

The kinetics of nucleophilic addition to a larg: number of coordinated n-hydro- 
carbon systems have been studied. The most informative results were obtained with 
P-donor nucleophiles (PR?. PiOR),) and simple N-donor nucleophiles (RNH,. 
PhNH,. pyridines, imidazo!es) [l]. The n-hydrocarbon ligands in these investiga- 
tions included dienes, dienyls, tricnes and trienyls and the organometallic fra_gments 
included the following metals: Cr, MO, W, Mn, 
reactions are given in Eqs 5 and 6. 

Re, Ru, OS and Co. Two typical 

I 
t PPh, 4 

b(CO)Q 

I 
t PhNH2 

ie(CO),’ 

Most of these reactions are rapid. with a time scale measured in seconds or less. 
One of the first studied in detail was PBu, addition to [(n-arene)Mn(CO),] ‘- . as 
outlined in Scheme 14. it was found [147] that PBu: adds rapidly and reversibly to 
the ktrene ring, with the indicated irreversible CO substitution [I481 occurring b) a 
much slower photochemical pathway. The rate law given in Eq. (7) was obtained 
for tne addition step, from which the equilibrium constant can be calculated as 
Kc,, = li, ,li ,. 

(51 

l 
Fe(CO),+ 

NHPh 

Rate = /iI [comples][PBu :] + li , [complex] (7) 

Consideration of the rate constants for P- :tnd N-donor nuclcophi!es in more 
than one hundred reactiokls led to the conclusion rhat relative nucleophilic reacti\,- 
itics are independent of the organomctallic electrophilc. This was found to be true 
even though the reactivities cover seven pouers of ten. A convenient way to espress 
this important result is via the linear free energy relationship given in Eq. (S). 



iI”(C 

pu3 

lOg( k J Ii,,) = ;\‘l, IS) 

in this equation. k, is the second order rats constant for addition of an arbitrary 
nuzleophile. c\,hile k,, refers to a reference nucleophile (chosen to be P(OBU)~). In 
this manner. each nucleophile is assigned a number for the parameter N,,, which is 
cl~ctrophile-independerat (Table 1). Because Eq. (8) contains only a single parame- 
ter. it follows that the reactivity of any new electrophile with P- and N-donors can 
be completely predicted by measuring the reaction rate with only one nucleophile. 
AI important corollarv to this is that relative electrophilic reactivities are nucle- 
clphite-itldepenrlent. This in turn means that it is possible to cluantitj’ the relatiw 
ability of transition metal fragments to activate r-hydrocarbons, ivithout regard for 
[ix p;lrticular h~drocarban in\rolvcd. This ilctivation po\ver is reflected in so-called 
hctrophilic trawl’txabilit~~ parameters ( T, 1. som of which are listed in Table 2. 
‘IIesc paramctcrs Aow at a glance \vhich fragments are good activators and which 
;II'C nol. For csample, iin arene attached to [Mn(CO),] . will be about 10’ times 
more electronhilic than when attached to [FeCp] _. Similarly. a dknyl ring (I/~- 
C,,H- or r/‘-C-H,,) is more reactive by iI factor of about 90 \vhen coordinated to 
[I;c(CO):] compared \vith [Mn((‘O)(NO)PPh.:] . 
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Fragment 

[FcK,,H,,$ . 
[Ru(C,H, I]-’ 1 

[OK~,H,J] ’ 
[MtKO),] ’ 
[Rc(CO),] 
[Mt~VXU,PPh,] 
[i&p] ’ 
[Crrcoj]: 

Further esamination of Table 2 reveals some interesting trends. As expected. 

replacement of CO by PPh; in [(n-hydrocarbon)M(CO),] . complescs :on-ers the 
elcctrophilicity (by a factor of about 70). A detaiied study of P(OBu), addition to 

[(rl’-C,H,)Fe(CO)(NO)L] * showed that the rate of addition decreased in the order 
L = CO > P(CH,CHJN)? > P(4-CIC,H,), > P(4-FC,H,), > AsPh, t PPh, > P(4- 
MeC6H.J; > P(4-MeOC,,H,)I with an overall reactivity range of iO0 [ 13S]. The 
dependence of the eiectrophilicity on the metal in the iron triad folloux the order 

Fe >> Ru, OS. and is cxplicibie in terms of the documented [I491 r-backbDndin2 
ability order Fe(H) c< Rll(II), Os(l1). In the chromium and manganese triads there 
is probably little variation in x-backbondins ability with the metal. and this is 
reflected in similar Ti. values for organometallic fragments :vithin these respecti\*e 
triads. In contrast. io these ring addition processes, reactions in\,oi\ ing associative 
attack at the metal with ring displacement display \rery different metal depcnclen- 
ties: MO > WY Cr [150], Re(I) > Ma(I) [147], and Ru >> Fe [151.152]. These differ- 
ences provide further support for the assumption of a direct bimolecular 
mechanism for nucleophilic additions to coordinated rings. 

Electrophilic wlctivity depends, of course, on the nature of the ;c-hydrocarbon. 
Most systematic work has centered on trienes and dienyls. With trienes. it \vas 
found that coordinated cyclohcptatriene is much more reactive than benzene. e.g. 
E(II”-C,H~)M~(CO),] > [(,I”-C,,H,,)Mn(CO),] by a factor of at least IO-‘. This 
order no doubt reflects the loss of resonance ewrgq’ accompanying addition to 
arelle complexes. Conversely, with dicnyis it \vas fowd thal coordinated c:~lohcp- 
tndienyi rings are less reactive than cyciohesadienyl rings. e,g+ [(II ‘- 
C,H,)Fe(CO)J j -=c [(I]~-C,,H,)Fc(CO),] by a factor of 70. In this case. the lower 
reactivity of the cycloisep~adienyl rings is readily esplained as a result of the stsric 
disposition of the methylenc hJ,drogens. which eclipse the carbon atoms to which 
the nucieophilc adds [I 531. This steric interference is much reduced ~\ilh the 
c!:clohexadienyl rins. 

It is surprising that the shple sit& pnralneter LFER caprcssion given in Eq. (!+! 
holds. since nucleophilic additions are in reality SX2 reactions involving M-C bond 
cleavage, \vith the leaving group remaming attached to the periphery of the 
molecule. Ritchie [I 541 has reported that the same equation holds for N- and 



21~tl R.D. P~¢'. D.:I. Stwi~,art Gn,~linattmt (~emistO" Rer~uw 187 t1999~ 15'3~222 

O~onor nuc~ophilk add~ions to ~ee ~ o ~ t i ~  By measunng the rates of 
~ d i t ~  of P- and N ~ m m ~  to c ~ ~ s  i$ and 16, we have shown [155] that 
a ~ a t ~ h i p  a n a ~ g e ~  to Eq, IS) holds ~ r  these r ~ m ~  as well. 

M~~~NM~ 
H 

15 

~ NM~ 
16 

More ~gnilicanlly, tile r~a!ive reactivities iN~i of the P- and N-donors towards 15 
and I~ are the same as those obtained with organomctall~ eiectrophiles. This is 
rather surprising and sugge~s that the trans~ion state tk~r most of the organome~l- 
lic ~vactions is an early one, so thal cleavage of the M ~C bond does not play a 
m¢oor energetic role. This impo~ant point follows in pu~ [Yore ~he observation that 
1he activation energms %r me organometallic reactions are generally small (e.g. 25 
kJ mol ~1. yet involve M-C bond cleavage. The conOu~on is that relative 
nucleophiliclt~es fi~r addilion ~o a ~-hydmcarbon are the same whether or not the 
hyd~a.~carbon is coordinated to a metal, Apparendy. the EFER in Eq. t8)is a very 
general one that applies to a ~ide range ~f electrophile-nucleophile combina~mn 
r e ~ t i o n s .  

11 has been e~ahti~h~,d dmt P- and N-donor additions to stefica[Ik uncongested 
~-bvdrocarbon comp[cxcs occur u ith relative nudeophilic (electrophil~l reamivities 
that are clectrophik Inuckophik) independent regardless of the nature af the 
m,:tal, nonrcacting ligands, or the ~-hydrocarbon. An important question is 
whether or not this is also true with carbon nuckophiles. Rate studies have been 
made with a variety of aromatm nucleophiles, e.g. I~ran, pyrrole, indole, thiophene, 
N,N-dimethylaniline, methoxybenzenes, and it is clear lhal Eq. t8) is not obeyed [1]o 
All of these reactions occur with C ~C bond lbnnauon and are a rather exotic type 
of ele~:~rophilic aromatic sabst~ution, with the organometaltic complex serving as 
lhe c~clrophile (see Scheme I I %r at, example with [IqqC~H~Wc{CObNO] " ~. An 
analysis of the rate laws. activation parameter~ and other kinetic data suggests that 
aromat~ nucleophiles react by first forming a ~-compkx with the org~anometallic 
subsmtte, foll:,wed by rate-determining C C bond li~rmation and subsequent rapid 
proton los~. Thus, the reacl~ities reflect the strength of the precursor n-compkx as 
well as the rate of tk~rmation of the a C ~C bond. It is believed that thin accounts 
Ik~r observed subsianlial dependence of the rdative nucleonhilkitics ~5'~) on the 
m~ur¢ ~d the cl.~rophi~ uith aromalic nuclcophilcs. 

It ~va~ predicted [1] that simple Inonaromatkl C-donor~ would react m accor- 
dance wilh Eq. lSl. Recently, Mavr has ~mlwd the reactions of o series of 
[lq~-dicnylIFctCOl~] " catiem~ with simple tt-t.nd vin?l C-donors that are unlikely 



to form precursor Jr-complexes [156,157]. The conclusion was reached that these 
nucleophiles indeed obey Eq. (8). Thus. it appears that the discussion given above 
concerning P- and N-donor addition to free and complexed hydrocarbons also 
applies to simple C-dozers. 

2.42. Reoir~l~ltr)lric.~l tim! ,srei.rl~~,lrc~nli~,al qwm 
With complexed arenes, the effect of substituents on the regioselectivity of 

nucleophilic attack has been studied for a variety of systems [l l,l36]. The directing 
influence of the R group in simple monosubstituted complexes IT-19 is only 
modest for R = alkyl. aryi, or chloride. 

However, for R = OMe or NMe,. nucleophilic addition generally occurs at a mm 

site with high regioseiectivitg. a fact of considerable synthetic significance. The 
observed regioselcctivities have been variously interpreted in terms of charge 
distribution in the arene ligand, frontier orbital interaction between the complex 
lowest unoccupied molecular orbital I LUMO) and the nuclcophile highest occupied 
molecular orbital (HOMO), and conformational preferences of the [CrtCO),] 
moiety in the case of 17 [11-l 14.158.159]. 

Hydride and carbanion addition to simple fused rinz h>,drocarbans coordinated 
to [MntCO),] . occurs predominantly at the sites indii::!!cd by the arro\vs in 
structures 2Q- 23 1 I2 I_ 1601 

OH 

22 23 

The biphen!.lene cnmples (23) is unusual in that addition takes p!sce esclusiwly at 
;: substituted (brid@ead) carbon. This site preference. as wli as the obsened 
exceptionally high clcctrophili~ity oi the bridgehead carbons. \vas suggested to be 
due to steric ;tnd electronic constr.Gnts inherent in tht: cylohutacltene ring. \vhich 
;ITC rclaacd up011 nucleophilic ;tdditiw. 



OH 

Me0 Me0 

24 25 

The /I-isomer is attacked by nucleophilcs only at the electronically favored C-l 
!~wt(~ position. With the x-analogte 25. both cl~ctronic and stcric factors pIa!, ;I 
role. \iith the result that ;ittack C;~II CICCUT at C-l. C-2 itnd 01 C--I. The distribution 

among these sites is highly nucleophile dependent. Thus. NaBH, and 
LiCH,C( O)CMe, give only C-l addition. MeMgCI and LiMc add to all three 
positions nearly equally. and PhMgBr attacks at C-2 and C-4. but not C-l. That 
steric interactions are important in determining the regioselecti\,ity \\ith 25 i% 
evident i’rrm the fact that addition to the electronic~~ll!,-riiinilur tetralin cw~ples 26 
is stereospecific at the C-l IULJIII poi;ith~ 

2 

Meo 
m 

4 \ 
‘Mn(CO)j 

Me02 
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kno~n [114.!50] ~ha~ in u n ~ n v m i ~ d  com~cxcs ~ i ~  of this sort is tin 
p ~ r ~  ~ b ~ a t m n  and the c o n ~ q u ~  m Ibis case is Iha| M d i l ~  Io C-13 
p ~ i ~ .  

The tmn~|mn metal ~ c u t s  [CoCOI~] and [XlmCOt~l ~ i m ~ t e  to tt~e 
~ ~ 1 ~  nng in u~ok~ ~o p ~ d u ~  ~ .  

4 ~ 

I ~ ~ 
~ ~ 

~ 

Th~s ~ ) ~ m ~ l l y  a~i~a~s Ih¢ ~ a r N ~ d ~  ri|lg o~¢r Ihc p~rro~ ring, and mtdc. 
ophiks have b~n ~ m d  to add C4 and C-7 tll at nllio Illal dcpcluls on the 
n ~ ~  and on ~l~c nature of an~ ~ , ~ n t s  ;n C.! and N Il ia ~5]  
~mitafl>. ~ m ~ c x ~  of b~eolu~n  [1~3.1~51. dtbm~a~hlnm [1~1, b c u a n h ~ o N ~  
[167.16S1. and d i ~ m h ~ m ~  I I~ l  u n ~  nucl~philic attlack ~ m m ~ n l  B 
at C-4 and C-? l~iophct~ com~cx~ of IMut('O)~I add the n ~ M ~ i k s  CN , 
t l  and PBu, at a carbon a ~ n l  !,~ lh¢ ,ulfl~r alOln l l~q ,  bu, (irl~!tartl i¢ilgcnls 
.it~d cupn~tc, add l,, Ihc ,ullut I~, g~sc Z~[IICr!~!!K v,qnp!¢x¢, , ~ t n ~  to I!q ~} 

/s . ~, ~-.~---l~m,- ~ / ~  

I I 
Mm~O! ~' ~{~! i 

[l~u.lSll 

I ~  

~\~ noted abm¢, c~i1~l~l c>dolw!nai~¢nc ~, mu~h !m~t~ ~In~11~ I11~1i I~ 
~wdma1~l b~, and a ~dc t~u~¢ ~!' m~ph~l¢~ add I~ lhc l(Rnin~ l~! < !h~ 

:-~>,:¢m ~n C~II~ ~ompl¢~c~ ,ud~ a~ [l,~%t'.ll~IMulC~))d I~QI, iI~% 
t ' - I I , f f c~ 'p ]  and [ i , :~.~ ' i I ,~Rm~'~CII ,~I  I I~!LI~I~I ~,,17~ 1~4] 

~ ~ 
~ ¢ ~ "  

~0 

[hat nu~l¢ophllc, .fll.~k .~I t ~I m lh¢~c ~mpl¢~¢~. a~ ~pl~¢d h~ ,~n ll~l¢inal 

p~Mllo!l I(~-2, (-~i i, ill a~[~¢!l|~lll ~lll! lh¢ rule, ,,I l)a~¢, ~I al. II?~I X,,~, 
i~o~c~¢r, final nud¢,~phli~K addil~qi n~ liil~ili,li ~iI~ I~ kllO~ll !!i ~Iii¢ ~lil~l' !~p¢~ 

~I ~-complcxc~ !~dc ~I~.~I 

lhc Im~l ¢\I¢nq~¢I~ .luJ~d ~l~c~q,hil,c d~c~l ~,I~li~ I~ b,~cd ~,,, I~ ~:~h,~ 
hex~dienTl)Fcl('(.)~l ,\u¢lc~philc~ b'cnc~rall> add lu ih¢ lerlnlllOs ~,I' lhc ~-~Icm, 
~llh substilucn! ¢fl~ct~ a~ indicalcd lot [he ~mnn.ml> mnpl,gcd 2o()Mc c~mq~l¢~ ~II 
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R 

I 
Fe(O0){ 

C H ~ E  

(Nu') 

R= Me ~ 
- 

: c o ~  

/ ~ N u  

I 
F~C~ 

~ ~ 

FelCOiz 

Scheme 15 

~d~l F~C~ 
30 

Analogous results were obtained for [Iq%c)dohcxadlcnylIMn!fOi:NOI ' ilOS], 
The situation ~i~h [IV >-cycloheptadicnyltFdCOl~] " c~mplexe~ diffe~ markedly in 
that the rcgio~electivity of addillOll l~ ~lrongly dependent Oil the nature of any 
sub~titucnts as ~cll its that of the nucieophile. ~ith ~ofl nu¢lcl~pllilt'~ favoring lh¢ 
terminal diellyl carbon and hard one~ I]lvoring imern~l attack to aflbrd a .n -a~ l  
p~tlucts [17S. 1791, Axl example of the c~L-,,i t+f sub+taucnl~ is glXtdll in S¢11¢1n¢ i 5, 

The addition ~q Ih¢ ¢hir:ll chelate ill .\-;l¢~lox,i,,olidlno~t¢ ~lld ;t clll~ll t:l)ouc 
Chelate etluiv;l[¢Ul It, Ilz-arcn¢)MmffOl~ I ¢omplcxc, omcur~ a~lh high di,l~ter¢o,t ~- 
lecli~itv and h~i~ been u~cd to t~wpaic enaulionlerlcall$ enrichc-d 2-ar)'lpl-Ol~=Olli¢ 
,tclcl~ ;llltl 7~ll'.~lgl)cilW derl~; i l i t¢, 17~.75. l S~i I II, ~,nc ca~e. Ihc ¢lltral c)ch41t,~adi- 
¢ilvt iUOllEano~¢.> i i l l¢~uedldlc ~ta~ MIb~Cq~Clllk tOll%¢ltt'tl I~ t t , !u~hlt~l l7 i l ; i  .t 
chiral eyclohexadi¢~e [181 l. The ~b~lhesi~ of  ~'~ortl~n;iled chi~;ll itl~ub~tilult~,l eydo- 
hcxadicncs has bccu demon~iraled by St~Uellllill addili~n of a nudoi~phile lt~ 
[(~-arcnctMnlCOi:PM¢,l ~ , f~llo~'ctl b)  trcatmelli a i lh  N O '  to aflbrtl llq~x)<.l,, • 
he~adicnvllMnlCOIINOtPMc~l, aud fillall~ ,iddilion of :l ~ao-o~d m~clot~l'lhik. Io 
give the tli¢llC (2¢0 S¢71iOll 2.5i 121, l ~ c  dlt,tt 'hil lt ' l l l o f  ;i dtm¢!hsIi~)rl-~l ldl l l~l 

N u / ~ ' ~  M o ~ ° . ~  ~ . .  .~, 
- ~,o < .C~_l  ~ ~ 

~ - < ~ 7 >  ~° ~ _ ~ _  . ~o • 
~ ( ]  ~"'~>. ~ ~ I t 

~ e  Mn(CO)~" ~ ~ t ~  MnlCOl ~ 

31 32 33 
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substituent to [t~obenzene)M~CO)d to afford 31 enables a~mm~ric nud~ 
oph~ic ~d~t~n~ as o~iin~ in Scheme I~ [ 1 ~ 1 ~ .  With Ph~gBK the 
d~stereomefic e x ~  of 32 ox~r 33 is g~a~r  than S0%. While ~mng hydride 
dono~ a~o &vat 32. i~ was ~und that ~lativdy weak hydride dono~ such as 
NaBH~ lead to a ~ve~al in ~leclivity. so that .~ is ~vo~xt over 32 by as much as 
• i. The ex~an~mn ~ r  this inte~sting efl~mt is that the extent of b ~  ~ n ~ n  
m the t~n~fion state is a'cak ~ r  the st~ng dono~, b~,~ • acn mo~ ~b~an~ial ~ r  
~eaker dono~. ~ th  the ~ d t  that ti~ ~nner ~f l~t  the klnetK p ~ n ~ s  and the 
~uer  ~f l~t  the p r ~ u a  ~abilhi~ llS~. 

As i~u~mted in Scheme 13. nuclt~phff~ addition to ~o~inatt~t cyd~ ~ y d ~ -  
ca r~ns  ~most al~vays t~xu~ at an cv~ ~ to ~ve the c ~  ~odud sl¢~ospt~ifi- 
tally. With hyd~de dono~, the~ a~ ~ports that ouA~ addition may somdim~ 
t~x'ur, at least io some extra.  ~ r  c~mNc. Eyman ctal .  [1841 ~pon~xt that 
hydride dono~ add to ~"-C.M~IMmCO),I  ~ to gi~'e h~tll t~,~ a~td ,~.~ cyclo- 
I~xad~n~ paMuct~ ~ith the ctt&, pathtvay ~vot'ed by ptx~tic ~lv¢~t~ and htdkier 
hydride sou~s.  Lo~ ~ m ~ t u ~  NMR ex|~nments mdical~t the p~sen~ of a 
Windy| ~ l ~ i ~  a~ an mtennt~l~e. ~n~ ~hich lhc em~, produd is ~rmtxt via 
m i g ~ o n  of H to Ih¢ onh, si0e of |he nng, It aas suggested Ihat h~e r  h~d~de 
dono~ hax¢ a p~pcn~y lo altack at a mo~ ~eacatly a f f ~ N e  ~rbouyl. ]'he 
g~a i~  amounl of ouA, a~1ack m pet,tic ~lvcnl~ ~as cxp~iucd ~ts duc Io hydrogen 
~,ndiag iron1 Ihc ~ l ~ u t  to the h~-dridc donor. ! l ~ h y  1no~a~llg the ~ 1 1 ~  slcric 
bulk, 

~c~a.~s~x'l~ ,~nA, a&lu~u of h)dr~c tdculcr,d¢t Io a ~ i U a l t ~ l  cyclic a-h) ~- 
d ~ z r ~ m  ~ tirol ~ r | ~ t  ~ r  NaRI~ addlllOl~ Io .~ Io Rl~V 3~ IlSS/ 

~h Ph 

I I 
u.~O' ~ n ~ u ~ '  
~ ~ 

~ u ~ l ~ . m  ~ k  ~ l ~ !  thai h~dml~ add~ ~let~'~i~fi~llly end~, Io ~q~y~lo~ 
h e x a d ~ l t M n | ( O ~ N O ! [ ]  ° ~~,,~ple~ ~ g a ~  of the h~dr~lc ~ollr¢c, i~ny 
~b~au¢~t~ ~,n the dm~t n~g. ~md the n~lutv of II~ilnd [, Smuhidy, ~hen the 
luc~a~ ~ ~ u m  ,~ |tW Si~g i~ <)clollCplnd~ltyl, the addition i~ ~litl c,~fi, t173, I Shl~ 
I~oa t c m | ~ t u ~  IR and NMR ¢~pefilnCnt~ ~h, ,~ l  IIS~I lhiil II~'x~dt~h~adi~ 
¢ ~ R ~ ( O ~ N O I l l  tcact~ ~pafl~ ~l|h h~dr~¢ I ~ u l ~ c l  I*, give a I~rm~ 
, IK~~ o~ lhal con~fn~ 1,~ the c ~ h ¢ ~ l w n c  ~ompl¢~. 

[~h 

ON ~ ~ ~ C #0 
OC ~ 

D 
~ 
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When no CO l i~nds  are present, as in 37. 

@ 
deu~ndc ad&imn occu~ by c ~  attack at C-2 to aflbrd the a.z~Hxl comNex 3~. 

4 t 

~ l  ~ 
~ ~  

From Ihc~e results, it x~a~ o n c l ~  Ihat the presence of a CO ligand is a n ~  
bul nol suflicienl condition to g ~ n ~ e  an ~ h ~  product, lit is not ~ t  
bec~u~ many ~ m m ~ i l k  ~ n ~ n t a i n i n g  ¢ o m N ~  add hydride c~ . )  h ~ 
p ~ N ¢  lhat the an~, s l e ~ m i s l ~  inxoke~ conxe~mn of Ihe ~ n n y l  Io a metal 
c~rbonxl hxdride, tBllo~ed bx h)drldc Inig~tmn Io the ring. The presence of a 
i~ltrosxl lig;tnd oi ler,  the adxantage of  al l tmtng the fl*rmalion of tl X I lCOI l I [ )  
,p¢cies ~hile I l l i l i l l tai l l i l le ;iN IS.¢lccthm {Otll l l ~ia bClldlng of the NO Iigand. 

( t l t l l l~ ¢l ;ll. l iS: l  ~ p > r l ~  till l l l lereqll lQ o1~¢ ot' ~t,, Io ,~:~, CO~¢r~k~H 
~llt~'l~ill 7 tile ph~pho l l a l c  ~ m l ~ ¢ \  qloull  111 P t  I lit 

> 

I I 
Mn(CO) ~ MntC O)~ 

~lOI 

Ik 'p lxmmatkm of the ,,itul]ttc'd carboll Ssilh [ iBu,  IoiIo~ed b) pmtonal ion t t i ik  
tt;iter. ~c'llt'r,tlt'tt tli¢ J h ~  isoillCl ill Ii~".. ~i¢ld. 

2 5  Ih,¢hh ,aD~u,~t ~ u  tU.~ 

SiliCC cSd<~ll~\,ldl~nbl colnplc'\c~ li~ti;illt rc'alk~l~alii~ UpOn da'omi~la.itlon, in 
<>i~!¢r Ic~ [E inq)r l~  aro~3li~'~ Io ~Uh~l~i~d l.k-.c$ilolic-ud~:a:~, l~ i~ nc~c~lr~ IO 
C,t f f \  ti{ll l~t l  . iddil ion reJdlOllx Ih¢~¢ addi l io l t ,  gi l l  ~tlo~ cllhef o1 l~tl~ ~e~¢r,l] 
l\lt!l\t;i\,: ¢Oll,CCtilltC addition ol l~o nudeoplnlc~ it, ~u~k:lcnll~ eleclrophilic 
o ,mptew,  ~r addllam o1 an da ' I roph ik  and a nud¢opluk.  

i)oablc ,ldditmn to [l~'~arenelCriCO;,] can be pursuat i hwu~h  eilher of the 
pal l tua},  ~hoan tll Sclwme 17, Piolonal ion of ~ub~tilutal ~q'-cbclohexadi- 
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R 

o ,  
or,c0,3  ,r,c0,3.  0R, 

Sd~m¢ I ~, 

en~lC~COl,] Dp~aHy afl)rds I~ub~itu~d 1,3-cydohexadiene:. [3,61,111]. The 
p~csence of a methoxy group results in cyclohcxenones [18N. When LiR IR = 
CMezCN) was react~xt with ~q"-p-fluorotoluene)C~COh]. both numeoph~ substi- 
tution and add~ion occurred. Upon protonation, a I-mdh~-l,3~ydohexadiene 
product beating R groups at the 1 and 5 positions was obtained [1~9 I. Kfmdig's 
group has shown that the anionk chromium dienyi products of nudeophil~ 
addition can be quenched with alkyl halide el¢¢trophlles to produce o~,~s-disub~i- 
tared acvl cydohexad~nones according to the mechani~n shown in ~cheme 18 
[3.1 ILl 13.190~ 1921. Initht addition of the eledrophile to chromium was confirmed 
b~ an X-ray structure of an [19~-c}~lohcxad~nyljC~COI,SnPh~] produd ~sulting 
I~nn addition of Ph~nCl. 

Double nucleophilx addition rear, ion pathways lbr the ~"-arenc)Mn(COId ' 
sy~em arc shown in Scheme 10. The direct addition of a second nuckopl,i~ to 
IIt/'<yclohexad~nyllMntCOl~l has been d~nonstrated by two groups, with differ-. 
itlg o u t c o n l e s ,  in either case. s~rong nudeophilcs a~ necded to react with this 
t~eutratl complex. McDan~l has shown that phcnyl-, sullide-, cyano-, and c~ter 
cnohtc-~tabflizcd earbanio~ dir~'¢tl? add to the dienyl ring with ortho ~egiochem- 
i~ry and ex,, stereochemistry [1931. Ox~atNe demetallation of the anion~ produc~s 
~sults in good yields of ¢&.disub~ituted 1,3-¢ydoh~,xad~nes. In comra~ to this, 
Sheridan has lbund that alkyl- and ary~thiums attack a carbonyl ligand of 
ii~'<yclohe~td~nyllMnlCOl,i and ~q =cycloheptitdienyl}MnlCO),] [194~ 196]. The 
resulting ac}l anions can be protonated at the ¢~uh~ position to produce agostic 
complexes via the mtx'hanism shown in Scheme 21). Further deprolonation and 
alkylation of these complexes hats also been demon~r;ttcd, as indented. 

A more general ~ra~gy Ibr the second nttckol~h~ addition in the manganese 
s~stem ia~ol~es c~c~rophilw re;~tivation xia substitution of a CO ligand with NO ' 

R R R 
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~ 0 ~ '  
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I 
M n ~  

L = CO, PR~. P~R)~ 

R 

M n ~  

or 

R 

~ ~  INO÷co ~ 
~ Mn~ 

~ ~ 

too,~~o ~o~~1 
N, 

C i, - ' - ' - ' -  OCt.. " 

R 

m n ~ U  

N 

o~ ~ ~W° 
~ Ct~ 

R,, hc:~,; l'i 

12,1~s, ls31 ~%c h;,~¢ , h m ~  Ihal ,,,li ~arbau.,m,, ~ud~ an enolalen, dlrk~'ll~ alta~k 
ltlc d~¢ll\! l lll~ ~,,~II~,~ ,l~ld ,~,,k pr,,duc!n~ qabl¢. II¢ulral +/~-d,¢1~¢ ~on~plexes 
!%~hemc lul I~,I~T] Ila~d ~.~d,.m,m,. ,ud~ ,~, ar~th~h~um,. ~!la~'k lh¢ m¢lal, 
leddii l~ ~0 .d l t i k l l l \ l  l l|S¢llh)l~ ,ll ld . l~)t I l l l~ l \ t l lOl l  Is l l l l l la!  tO i l l~t shredit It| Skh¢|11¢ 
li11, Thl~ I'¢stltn Ill . a . , - a ~ l  di¢11¢ produ~'l Ibmlal ion. ~ imi lar l ) .  ~ddttloil o~ 
hvdHd¢ lvsull~ m the I'OHI~IItOII o1' a ullelal ~orlll~l ~ro~lp. ~l ' l ld l  ~jvcs ~i ly  to ~'~l~h~ 
hydride I~ : ;~ t io l l  (s~x' Skn'lion ~ ,~1  ~1~(~]. Pl~'Paralum of I.~.c~dohex~dien~ 
~:,nuplexc, ol ~ IRe~'Ot:tXO!l ~:~ double addiIion i~ also poxslbl¢ jlqS 1, Hm~evcr, 
~hc Invp ,~ tum of It e-ar¢l~t'lRu'{CO!,i In largely ~wtr~¢l~xt Io h~ghly meth~laled 
,11"~11¢s 

I}ouble nucl¢ot~luhc 4ddl{iOll [o lllall~lflesc-a[¢~0 (t.tl)ll~lts~(ts Ilgt~ ,ignilit'anl 
,xllt~lctl,) polcl l l la l  l:t+l example, x~hcn a mcthox) gtxmp ;s prcncnl on Ih¢ dicn+ 
p,,Htoll ~q Ihc dlstlbstlltllqd #~-c)dohcxa-I ,)-d~cnc metal +onlplexes. the latter arc 

lq H 

= ~  ~° ~ / ~q" 
~ J  - - - ~  q ~ , ~  ~ ~ 
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converted to disubstituted cyclohesanones upon oxidative demetailation [ 1971. This 
finding has been esploitcd in a formal synthesis of juvabione [lSl]. When L = a 
phosphine or phosphite in Scheme 19, NO ’ substitution produces a chiral center 
at mangnnese. Addition of a second nucleophile then results in a pair of 
diastcreomers. Diastercoselectivities are modest, but the isomers have been sepa- 
rated and a pair of X-rag structures have been reported [ 1091. The addition of a 
Chiritl nucleophilc (the enolate of ( - )-bornyl ncetate) to [(rl”- 
C,,H,,)~ln(CO),PMe,] - , followed hy NO - ligand substitution, produced 11 single 
diastereomeric product. 39 (2,109], 

d 
0 

G 0 25 
1 + 

0N\\2”ZC0 
MqP 

39 
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D b u ~ m u ~ d  1 . 3 ~ b h ~ t M ~  c o m p ~ x ~  141t can be p ~ d ~  by nudeoph~k  
addition to , '~,-~ub~itutcd [!q ; ~ ~ i ~ I } M n I C O ~ N O ) L ]  " [173]. 

I 
M n ~ L  

~1 

The direct addition o1 t~to n ~ i G  is pmctKabk a~th [ l ~ n e ) : M ] :  ' 141. 
\ I  = l:c. RuL a~ indicated in Scheme 21. The t y ~ | l  outcome of double ad~ twn  is 
ih¢ bi~-cwlohex~tdien~l pr ,~u~.  ~ .  &ltempts haxe been made to oxercomc this 
limitation, rhc  i,'on ~s lem.  in ~ t ~ k M a c  sull~rs i ~ m  ~veml other ~ffi¢ffil~s. ~ ¢  
Lea i~ acid-p~omotcd s ~ n t l ~ s  does not r ~ d t N  allo~ tbr mixM a ~ n e  c~nNex~ 
and can alxt, r¢~ul! ~n arenc m ~ n ~ m c m s  or d c ~ m p ~ t i o n .  Momove~ lhe fi~! 
~twlcophilic addition t,~ lhc b i s ~ n c  iron ~ m N ~  is Na~M by single d ~ t m n  
transl?c ~ , b l t t n s  1126 12s.19~1, A~truc has sho~n that. ahcn  the first n ~ i ~  
~t,cd ~, hxdr~dc, the wcond t m c ~ q u i K  ;Mditmn produces the dienc comNcx ~ 
IR Iti il2v], l l lc  c~,,-h~drld¢ can I~ a ~ t ~ c t ~  using Ph,C k~ ~ g c n c m ~  43. 
(~anid¢ cat| then bc added :o x~cld 45 IR. R ¢ HI. 

The ru t~m um ~ m p ~  4! c m  bc p ~ N t ~ d  ~ t h  X ~ X'. N e ~ e ~ h e ~ .  al- 
lh,,t~gh [ tq ' - { J t ,  i R u { ~ " ~ n ¢ l ]  l a~ne~C, . l l , . .  C M ¢ .  1.3.5-Q.H,Me, and 
I l .q . ( .  II I h , !  .~c ,~ll,~ckcd t~ lhe l i r , I  , 1 ~ @ ~ 1 ~  a! Ihe unsubMi lu led ring. 

,c~,H~d ,~dd~lH,t! ,,c~u~, ,~I thv ,~lllcr ring. p a ~ n g  ~ 121~t1 ~'hcn ~he 
12 2]l~,it.~c)cl,,I,l~.~llc I~aHd ~, u,¢d. ,t,~ubl¢ add~l~on to benzene io g e ~ m ~  45 is 
l , ,~ , i  ,ml~ i,,~ t<. I< 11 p2.2~i!I I ~,~I1~ ~I ,h,,uld be ~oled lhal Ihcre is one 
~,'t~,~l ,~t d,~ubLc ,~ld~tt~t ,,I ( ) \ I v  ~1 11 ~ to lhe belt/CliO rttIc Ill [ l~"- 

t , il,.~t ,,{ i~i a, ~ c  t , 3 - ~ l ~ l ~ w  ~ m ~ e ~  12o21 
/\ll{~lliCl n ~ @ i l i {  a ~ f l ~ l  roul¢ ~l l ic l t  leads u, I . } < ~ e ~ d ~  p m d ~ t s  

i ,  q~m~t~ ~i~ Scllemc 22. l h e  s~a~cgy i n ~ l w s  lh¢ Birch r M ~ m n  of ~ e  to 

~o cH~co:.o~ ~.lJ I 
~,o .~"  ~c'~ 

,~?---./'OA~ ._ ~, ~,~,_ > -.j.~ 
- - 

~eiCO?.,~ ' c~iC~?~' ~ 
F~CO)~" 



cytohesadiene, followed by its coordination to [Fe(CCQJ, hydride abstraction, and 

nuctcophitic addition. Addition of a second nuctcophite requires regeneration of a 
cationic cyctohesndieu~t ~ony~l~s, usuatty Gil hydride abstraction [ 173,203,204]. 
The strategy is readily applicable to seven-membered rings as well as six-membered 
rings. t-towver. it sufkrs from the need to sti\rt with diem substrates nnd the fact 
thnt hydride absmLc[ion a11 fait for steric rcwxx. Pearson has found that 
widative ring closure. followed bl. protonation cm1 also be used to regenerate the 
cationic dienyt compteses. as shown in Scheme x 22 [205]. Acid removal of methoside 
is another wry to convert the dicne comptcsrs to cationic dienyts [206,207]. 

(hl = Mn. Rc) 



This W;H attributed to the larger size of rhenium, which facilitates nucleophilic 
;~tt~k al the metal. The much greaw- ease with which the arene is displaced from 
[’ ,( ‘I-, ,~rcne)Rc(CO),] . by donor solvents and trace nucleophilic impurities severely 
limits the utility of such systems for arene functionalization [198]. The half-life for 
[t,,“-~oluene)Mn(C,‘O);] _ (Eq. (13)) at room temperature is calculated to be ca. 4 

vcars I II comparison, the half-life fGr the analogous reaction of [(II”-nrtph- 
;h,k&)MntCO),] . with McCN is ca. 1 min! A kinetic study of this reaction with 
;I scrims of polycyclic arene complexes of [Mn(CO)J - gave the following results for 
;Lrene displacement by 1.0 M MeCN in C’H,CII at 25°C [ri in min in parentheses): 
naph~halcne ( 1) > acenaphthrne (3) > phenanthrcne (SO) < benzothiophene (55) > 
dibcnzothiclphene (250) 4 dibenzofuran (260j :? toluene (2 x IO”) [IS]. 

An! 01‘ ihc n;lphthalcn~-t}pc con?plexes of manganese are effective at transferring 
the [Mn(CO),] moiety IO ofher nrenes. For example, simply heating [(rr-acenaph- 
tlw~~)Mn(C’O),] for about I h in dizhloromethane containing only il slight excess 
01 an> 01 11 nllmber ot’ arenes leads to clean substitution and liberation of the 
mmphthe~Ic [IS], The ~aluc 01‘ this reaction is that it permits the coordination of 
arut‘< what fail 10 rcacl satisfactorily b!* orhcr i\vi\ili\ble methods due to the 
prczc’llc‘P 01‘ wrsilivc I‘iinctional pw~p, or for other t-mom. c.p. phenylacetylcnes. 

~IICIIO~S, aniliws itnd ccrti\in ilr<~milti~ stcrsids. AII interesting USC of this Illcthodol- 
ogy IV;IS the rcp~rtcd high-yield synthesis crl‘ hitherto ~ltIilv~~ili~bl~ x-bonded Ity- 
ciI’c~c~llilIolw ;ind C;!tc’Uhol cotllplcu~s 46 ;,nd 47 [56]. 

-CO 
OC- 

I 
* Cd-43 

Mw-J-2.~ 



As discussed above. the utility of [(~/“-ilai?klhalelle)Mf(CO),] T and rel;,ted 
complexes as [Mn(CO),] trader rcagw~ts is dependent 011 facile II”+ rl-’ ring 
slippage. In a novel application of this chemistry. the known [214] [(I/~-n:.~ph- 
thalene)Mn(COI,] complex WBS used as the incoming rwene to displxc the 
naphthalenc from [(rl”-nl\phthalenc)Mn(CO),] * . This resu’ited in the syrl-fxiul 
bimetallic comples 48 shown in Scheme 23 [Zl 51, The use of [( ,I,‘-in- 
denyl)Fe(CO),] as the incoming rwenc gave the ~~~~~-f;~cii~l hctcrobimctallic 49 
whereas [(rl”-naphthalenc)FeCp] $we the trrlri-facial zwitterionic SO. 

oc 

3. Ekctran trairsfcr rcuctions of cyclic x-hgdrocurhon camplcses 



M = Rh. Ir 

tin(CO), Mn{CO), 
51 
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Intereritingly. [(n-mesit~lenc)RelCO):j (54 * 1 bcha~elc quite dift’ercntl! in conqxrri- 
son \vitlr its mang;tncw ;malog. Electrochemical experimems ~hcw ihat ,54- under- 
goes a cheinically reversible 2-ekctron reduction with vcq’ slon heterogeneous 
charge transfer [X2]. The interpretation is that after a l-electron reduction to 
neutral 54. a AN i!nd ripontaneous second rcdwio Y occurs as the ring slips to 
q-‘-bonding. In a~;ilxy to the bcha\,ior n! 3rcne complexes of‘ manganese and 
rhenium. the reduction of [(II ‘-c~,clohesadicn~,l)~l(CO~,NO] is irreversible for 
hl = Mn and rcvcrcible f l-electron) for 111 = Re. again shoxing that the manganese 
radktls ;~re much more rcacti\e [I%]. 

In the presence of’ a nuclcophi!e such irs PtC9E3u1,. the v:u-ious reaction path~va).s 
1‘~ I( ;r,,monoarenc)hln(C:O):] .ri‘w ehetnic4 or ektrochemical rcdwtion are 
short-~rrcuitcd in ~~!\x-,r of xl clecrron-rr;~;1~1~cr-c;~t;ll~~~d (ETCI substitution to gi1.e 
[(n-monoarene~Mn(CO),P(OBu),] _ [_. _.__ TV ‘361. Thus. the application of a reducing 
current for a few seconds. or the addition of a few mole percent of a reducing asent 
leads to quantitati\-e CO substitution. The mechanism for this ETC process is given 
in Scheme 25. Its success depends on the 1%electron Mn-CO being 1:er-y reactive 
with respect to CO diwciation and on the potentials being in the order Ey > Eq. 

In marked contrast to the behxior of [(n-monoarene)Mn(CO):] . chemical or 
e!ectrochemic:tl reduction of [( ;r-n;lphthalene)~ln(CO~:] occurs in :‘ Lelectron 
rwersible process to gke the :hermall~-stable I!‘-bonded anion [ 110.2 141. The 
potential for this reduction is about 0.5 V positrve of the I-electron reduction of the 
monoarene complex [(;r-tetrah~dror.a~hth~~l~n~)Xln(CO)~] . This large difference 
in potential is ;I manifestation of the great ease \vith which the putative radicai 
intermediate, [(ri-naphth;ilenc)~ln(CO)~]. can accept ;I second electron as the ring 
slips. (Tlic ylcnLi;lI oi’ tlie &COilj r<dii<LiiJ;I iS piWi!iYe i?f !hc first.! I!? ~~~WfTII~ll~ 

ivith this is the obscr\;tticwr that the presenc*e 01‘ rt nu~kophilc 1~1s 110 rf’Ucct w tk 

clei:trc,chemi~~~~ reJuctton ot’ [I r:-n~t;lhlh,rl~rr~IIIIlcC’O~:] 



&idation of ]( n-bcnzcne)Cr(CO)J] products a 17-electron radical cation that is 
suf’ficicntly stithlc so that CO substitution reactions can be studied [236,237]. The 
R/lc i\tId W ;llKlio$lteS I\rC I'ilr mow rcactivc, and only with sterically-protected 
qstcms. c,g, [(pi-C’,.Et,,)M(CO),]. arc the radical cations observable, For associative 
u,) substitution by phosphitc nucleophiles, the reactivity order for [(n- 
;~rcuc)M(CO)~] is: ivlo > W >> Cr. The much greater rate of MO and W compared 
to (‘t’ i< likely due to tlw largr size of the former. There appears to be a 
I’\~~\di~~l~~~~~~tl dittcrcncc in the way P-donors react with the chromium triad com- 
plcx;c~ [( n-;wnc)M(CO),] and [( x-itrenc)M(CO),] . : the former underso arene 
diqA;uxmcnt ]l()sj. \vhcrcus the iitttcr prcfcr CO substitution, Eqs. (15) and (16). 

I(jr-;lrcn~)M(C’O),1 -t 3PR, --,[(PR,),M(CO),] + arene 05) 

](,T ‘:~l’l~Il~Jh/l((‘O~i] + 3PR, -~~(n-~~r~l~c)Ril(CO)~PR,] * + CO (16) 

Eel. ( 15) is thougl~t to proceed via J;“--* qJ ring slippage when the first nucleophile 
binds tcr the tnctitl, lt is suggested that [(n-arene)M(CO),] reacts with P-donors to 
I~wc xc’nc ~vhile [(n-itrcne)M(CB),] * reacts to lose CO because ring slippage need 
tlcrl r~ccur \\ ith substitution rcaclions of 17-declron complescs since 19electron 
LXU~~)C.UJ~ ;II’C’ \‘ii\hlc intcrmcdiatcs. Bccitttsc there is no ring slippage, the metal- 
i)rcttc 1~~~1 is IIOI \vcitkcned \vhcn the nuclcophiIe attacks the radical, so CO, rather 
IIt;)) ;~rcnc. is lost. 
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