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ABBREVIATIONS 

acac = acetylacetone 
BZ = benzyl 

bipy = bipyridyl 

cp = cyclopentadienyl 
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= 1,2-bis(diphenyk&no)ethane 
= 1,2-bis(diphenylphosphino)ethane 
= dimethoxyethane 
= 1,2-bis(dimethylarsine)-n-fluoro-l -cyciobutene 
= 1,2-bis(dimethylphosphine)-n-fluoro-l-cyclobutene 
= o-phenanthroline 
= tetrahydrofuran 
= tettahydrothiophene 
= l,l,l-tris(&methy+inomethyl)ethane 

diars 
diphos 
DME 
f,fars 
fnfos 
ccphen 
THF 
THT 
trivS 

I. INTRODUCTION 

The large number of recent papers on organorhenium chemistry indicate an area of 

great research activity. This article is designed to survey the synthetic and structural 

chemistry of organorhenium compounds with emphasis on recent development. 

A review’ covering the inorganic chemistry of rhenium has appeared and two 
books2;” which briefly discuss organorheniurn chemistry are available. In addition, 
there are several excellent reviews on the orgagometallic chemistry of transition metals 
which include organorhenium compounds 4-s .In light of these reviews the kinetics and . 

mechanisms of substitution reactions along with fluorocarbon derivatives will not be dis- 

cussed. 
Most organorheniurn complexes are derived from dirhenium decacarbonyl, the halo- 

carbonyls, or the hexacarbonylrhenium(1) cation. Hieber and Fuchs9 first prepared di- 

rhenium decacarbonyl by the high temperature reduction of Rez07 with carbon monoxide 

under pressure. 

Rez 0, + 17CO + Re, (CcO)10 + 7C02 

Quantitative yields were reported after 16 h with an initial CO pressure of 200 atm at 

250” _ Good results were obtained using Re& , ReO, , and Re, S, , but KRe04 gave poor 

yields. Attempts to dehalogenate rhenium pentacarbonyl halides with silver or copper under 

high CO pressure were unsuccessful as were attempts to synthesize the compound directly 
from finely divided rhenium metal” _ 

In another high pressure synthesis, Re, (CO),o was prepared frqm anhydrous ReCls or 

ReCls using sodium in TKF as the reducing agent I1 . A yield of 70% was obtained by oper- 
ating at 1 30° and 250 atm of carbon monoxide for eight hours. Such a tedious workup 
procedure is involved that this method does not offer any advantages over the reactions 

using R% 0,. 
Recently, Russian workers”have reported that dissolving Rez 0, in an organic solvent 

allows decreasing the carbon monoxide pressure to 120-140 atm at 200”. Good yields 
of Rez(CO)10 were reported after 12-15 h, but the authors failed to specify which organic 

solvent was used. 

An X-ray diffraction study l3 has shown that the rhenium atoms in Rez (CO)l0 are 

linked by a metal-metal bond with each metal octahedrally coordinated to five carboniI< 

ligands. .The joined octahedra are rotated 45” with respect to each other to give a mole& 
3. Orranometal. Chem. 43 (1972) 
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*th D4d symmetry, The Re-Re distance is approximately 3.02 A. 

The three halide derivatives R(CO)5 X (X = Cl, Br, I) were originally prepared by the 
carbonylation of ReCls , ReCls or Ka Rex6 at 200-230° and 200 atm m the presence of 

copper as halogen acceptor l4 . These compounds were also prepared hy the carbonylation of 
rhenium metal in the presence of anhydrous metal halides or from the reaction of KRe04 

with organic halides lo. In an attempt to prep are Rea (CO)ie , rhenium pentachloride and 

iron pentacarbonyl were subjected to high temperature and pressure in an autoclaw?, but 

instead of the desired Rez (CO)ro, Re(CO)s Cl was obtained in 3% yield. 
If Rep(CO)ro is available, the compounds can be prepared at room temperature and 

pressure. Cleavage of the metal-metal bond in Re,(CO)rc by either chlorine or bromine 

in an inert solvent leads to the appropriate rhenium pentacarbonyl halidei6. The iodine 

compound is more conveniently prepared by irradiation of Rea (CO),0 and iodine with 
UV light at room temperature”. Heating the monomeric derivatives Re(CO)5 X to about 

100° removes one mole of carbon monoxide, giving the tetracarbonyl dimers 

PWCO!4Xlz - l.8 Structure (I) has been suggested for the dimers on the basis of their 

infrared spectra in the v&O) region. A single-crystal X-ray diffraction study” of the 

analogous manganese complex, Mn,(CO)s Br2, has shown it to have this structure. 
The hexacarbonylrhenium(1) cation has been prepared by the carbonylation of 

Re(CO)s Cl at high temperatures and pressures in the presence of anhydrous aluminum 
chloridezO : 

Re(CO)sCl + Al& + CO 
320 atm 

___I) [Re(CO)el W&l 
9o” 

This stable cation could also be isolated as the reineckate, tetraphenylborate, percblorate, 

tetracarbonylcobaltate(-I), [Co(CO),]‘, or nitrosyltricarbonylferrate(-I), [Fe(C0)3NO]‘, 

salts. Anhydrous ferric chloride or zinc chioride, which yields [Re(CO)e] a [Zn, C16), can 
also function as halide acceptors2’. 

IL GROUP IVA DERIVATIVES OF RHENIUM CARBONYL 

A. o Bonded carbon derivatives 

The pentacarbonyl rhenate anion Re(CO)s - is a convenient precursor to many rhenium 

L Organometai. Chem., 43 (1972) 
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carbonyl derivatives. This anion is prepared by the reduction of RQ (CO)re with a 1% sodium.~ 

amalgam in,THF n solution followed by reaction with an organic halide to yieid com- 

pounds having the general formula RRe(CO)s : ._ 

Re2(CO)ro + 2Na@Ig) + 2NaRe(CO& 

NaRe(CO)s + RX + RRe(CO)s f NaX 

A hst of the known alkyl, aryl and acyl derivatives of this type is summarized in Table 1. in 
general, the acyl derivatives can be converted to the corresponding alkyl and aryl compounds 

by heating. 
A structural investigation3’ of (p-C1C6H4CO)Re(C0)s, the only RRe(CO)s complex so far 

studied, indicates a rhenium-acyl carbon distance of 2.22 A which is close to that expected for 

a smgle bond. This is surprising as infrared studies33 of MeCORe( suggest the rhenium- 

acetyl linkage has a significant amount of double bond character. Further crystallographic 
studies on RRe(CO)s complexes are needed. 

TABLE 1 

ALKYL, ARYL AND ACYL DERIVATIVES WITH THE FORMULA RRe(CO& 

R Color M.p. (OC) Reference 

CH3 

CH3C0 
CsHsCO 
C6H5 

C6&iC% 

pClC6H4C0 
p-BrC6H4C0 
p-IC6H4C0 
o-ClCBH4C0 
mClC6H4C0 
fliC6H4 

P-Be6H4 

dC6H4 

@ClC6H4 
ni-C1CeH4 
oCH&H&O 
m-CH&H&O 
@&C&i&O 
mCH3C&i4 
P-CH&sH4 
CH2CH2CHC0 
cisCH$OCH=CH 
tmn.%CH3COCH=CH 
cis-C&H&OCH<H 
fm.S-C&sCOCH=CH 
C(C6HS)3 

1,2-CH3BloHl&C0 

colorless 
pale yellow 
canary yellow 
colorless 
light yellow 
yellow 
yellow 
light yellow 
yellow 
yellow 
white 
colorless 
colorless 
colorless 
colorless 
yellow 
yellow 
yellow 
colorless 
colorless 
white 
pale yellow 
colorless 
pale yellow 
coIorIess 
pale yellow 

120 
80-81 

120 (dec.) 
46-47 
33-34 

131-133 
129-131 
119-121 

95-97 
114-116 
81-82 
78-80 
55-57 
65-67 
76-77 
73-74 
94-95 

120-122 
33-35 
53-55 

100-101 
59-60 
88-89 
70 

lL6-117 
98-100 

122-I 23 
1.2C6HsCBIOH10CC0 131 

23 
24 
24 
24 
24 
25 
25 
25 
26 
26 
25 
25 
25 
26 
26 
27 
27 
27 
27 
27 
28 

;; 
29 
29 
30 
31 
31 

J. Ol;panomerol. Chem.. 43 (1972) 



ORGANOMETALLIC CHEMISTRY OF RHENIUM 5 

The cis and Crans isomers of the o-complex RCOCH=CHRe(CO)s described in Table 1 

result from the reaction of trans-2-chlorovinyl ketones with the rhenium pentacarbonyl 
anion*‘. In addition, the reaction mixture contains a compound in which the keto group is 
coordinated: 

fmns-RCOCH=CHCl + NaRe(CO)s + 

Rco\ AH 
RCO ,Re(CO), HC=CH 

H/cc\ 
+ ‘C=C + I ‘Reph 

ReW% 
H’ ‘H RC=O/ 

(R = Me, Ph) 

The trans derivative is quite stable in air, but the cis derivative readily loses CO, even in the 

dark, to yield the keto coordinated compound. 

Bis(rhenium pentacarbonyl) compounds 34 have been prepared from para- and meta- 
phthaloyl chloride: 

-X0 
ZNaRe(CO)s + m,p-C,H,(COCl), + m,p-C6H4 [CORe(C0)s12 __3 

m,p-C6H4 IRWOis 12 

The meta isomer is converted to the phenylene derivative in solution at room temperature, 

but the para isomer must be refluxed in diglyme to remove the acyl carbonyl group. 

Ethyl chloroformate combines with NaRe(CO)s to give the ester Re(CO)5 CO2 Et3’ : 

NaRe(CO)s + ClCO,Et THF_2, Re(CO)s CO2 Et warm 

Another route to ester derivatives is through the addition of alkoxides to [Re(C0)6]’ 36 
or [Re(CO)4 h ] * 37 (L = PPh3, %Cr2Hs N,) where the nucleopbile attacks a carbonyl carbon 
atom. The parent cationic compounds are readily regenerated by adding HCI to the ester 

derivatives: 

Re(CO)‘, + OR- 
MeOH 

B Re(CO)s CO2 R 
O0 

(R = Me, Et) 

Cbloroacetamide reacts with NaRe(CO)s to give the amide derivative which may be 

readily hydrolyzed to the corresponding acid Re(CO)s CH2 COOH 38. 

B. Other Group IVd Q bonded derivatives 

Group WA elements form covalent bonds with rhenium by reaction of the appropriate 

halide compounds with the sodium salt of rhenium pentacarbonyl. These complexes will 

J. Organometal. Chem., 43 (1972) 
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then undergo reactions with halogens, hydrohalic acids, and triphenyl derivatives of Group 

%_,&Ix~ + nNaRe(CO)s z %-,M[Re(CO)s ]n + nNa~ 

(R = organic group, M = Ge, Sn, Pb) 

VA elements to yield a variety of substituted products. A list of these complexes and 

their derivatives is given in Table 2. The compound Cl, Sn[Re(CO)s ] 2 can also be 

TABLE 2 

GROUP IYA-RHENIUM CARBONYL COMPLEXES 
M = Ge, Sn; R = CH3, n-C4Hg, CH=CHz; X = Cl, Br; E = P, As, Sb 

Reference Reference 

Ph3MRe(C0)5 39.40.44 
Me3SnRe(CO)s 44 
PhsPbRe(CO)s 44 
Ph2MIReKOk 12 39,40,42 
MezSn[ Re(CO& ] 2 42 
PhSn[ Re(CO)s ] 3 41 
RSn t Re(CO)s 13 42 
G2 EMC0)5 16 4: 

Ph3MRe(C0)4EPH3 40 
X3MRe(C0)5 37,38,42 
H3GeRe(CO& 43 
PhBr2 SnRe(CO)s 39 
PhzClGeRe(CO)s 41 
X2Sn[ReKO)s 12 39,42 
XSn tReKOh 13 39,41,42 

prepared by the insertion of anhydrous SnCls into the rhenium-rhenium bond of 

4s Re,(CO)r,, under ultraviolet irradiation . One possible mechanism is homolytic cleavage 
of the Re-Re bond with formation of two pentacarbonyl radicals, -Re(CO)5, which then 
react with SnC12. Another view is one in which the Re-Re bond is not broken but is 

substantially weakened during W irradiation and thus readily subject to the attack of 
: SnCls . Addition of ethanedithiol and triethylamine to this dichlorotin compound 
leads to a sulfur-containing heterocycle42. The amine’is necessary to form the 
[(CsHs)3NH]’ cation before the reaction will proceed. Of additional interest is the forma- 

HSCH2CH2SH f C12Sn[Re(CO)s]2 + 2(&Hs)3N + 

H,C- 

I 

s\ 

H,C---- 

S/Sn[Re(CO)s 12 + 2KGWdQ-3 

tion of rhenium-tin compounds with an additional metal bonded to the tin atom46’47 

Other details on the preparation of these compounds is lacking. 

(CO), Mn-Sn(Ph)s Cl + NaRe(CO), +- (CO), Mn-Sn(Phh Re(CO)5 

]CpFe(COh ] 2 SnClz + NaRe(CO), + [CpFe(CO)s ] 2 Sn(Cl)Re(CO)s 

J. Organometal. C?tem., 43 (1972) 
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Compounds containing rhenium-silicon bonds have been prepared. Triphenyl- 
silaue* and trichlorosikne4B react under vigorous conditions with Rez(CO)re to give the 
products Ph$3iRe(CO)s and Cl,SiRe(CO) 5 respectively, while a compound with the 

stoichiometry ph, SiH, Re, (CO), is prepared by ultraviolet irradiation of a berzene solution 

of Rez (CO),‘, and mi, Si.Hz. 4g _ The molecular structure of the diphenylsilane complex5o 

has been established by X-ray diffraction techniques and is shown by formula(I1). 

While the hydrogen atoms were not located in the X-ray study, their existence is 

inferred from NMR, infrared, and mass spectral data. it has been reported4’ that this 

complex is readily converted to the dimeric hydride [HRe(C0)4 ] 2, but preparative 

details are lacking. 

III 

II 

The reaction of NaRe(CO& with PhsSiCI in THF does not lead to a rhenium- 

silicon bond but instead gives a 95% yield of hexaphenyldisiloxane, Phe SiOSiPhe , and 

a compIex mixture of rhenium carbonyls’i . The preparation of the disiloxane is inter- 

esting as the only source of oxygen is the carbonyl groups of the fRe(CO)s ]- anion. 

Acidification of the rhenium carbonyl mixture gives HRea(CO)rs and the previously 
unreported HR+ (CO), Cl. The latter compound is assigned structure (III) with bridging 

hydrogen and chlorine atoms on the basis of its fragmentation pattern, infrared spectrum, 

and the fact that (III) provides each rhenium with a rare gas configuration. 
Cyclopentadienyl(trimethyl)starmane52 and hexamethylditins3 react with 

Rez (CO),, by oxidative cleavage of the Re-Re bond. These reactions can be considered 

220° 
CPSn(CH& + Rez(CO)la - CpRe(CO)3 + Mes SnRe(CO)S 

180° 
Me,Sn, + Re2 (CO)re w 2Me3 SnRe(CO)s 

triglyme 

similar to the action of Bra on R+ (CO)ro to produce Re(CO& Br. 

C. Insertion reactions 

The reaction of RRe(CO)s (R = Me, CH2 C6HS) with refluxing sulfur dioxide gives the 
white, stable sulfinatopentacarbonyl complexes Re(CO)s SOz R 54 _ These compounds are 

J. Organometal. Gem, 43 (1972) 



8 H.C. LEWIS, JR., B-N. STORHOFF 

assigned structures containing Re-S(O)2 -R linkages from their infrared and NMR spectral 

data. Wnen R is the 2-alkenyl ligand, allylic rearrangement accompanies the insertion55 to 

give the derivative Re(CO)s SO? C(CHsh CH%Ha . With sulfur trioxide, the hereto unkno& 
sulfonato complexes RSOa Re(CO)5 (R = Me, Ph, pCHs Ce H4) are produced56. The mech- 

0" 
RRe(CO)5 + SO3 - RS03 Re(C0)5 

CCl, 

anisms of the SO, and SOs insertion reactions are not known. 
Carbon disulfide will insert into the rhenium-carbon u-bond of RRe(CO)5 at temperatures 

of 90--150’ in a sealed tube, to give dithiocarboxylate complexes. A list of known deriv- 

atives is given in Table 3. 

TABLE 3 

KNOWN COMPLEXES OF RCSzRe(COj4 

R Reference 

C%I 57 

(X.35 57 

PxH3C6H4 58,59 

pCIC6H4 58,59 
C6H5C& 59 
GH513C 59 

RRe(CO), + CS, + RCSSRe(CO)4 + CO 

The proposed structure (IV) of the dithiocarboxylate complexes has been confumed 

by an X-ray diffraction study of the phenyl compound, PhCSa Re(C0)4 60. This compound 
reacts with triphenylphosphine in refluxing benzene liberating one mole of carbon monoxide 

and giving &PhCSa Re(CO), P(C, H5 )s . 

Carbon disulfide adds to hydridotris(triphenylphosphine)rheniumdicarbonyl6’ leading 

to the formation of (dithioformato)bis(triphenylphosphine)rheniumdlcarbonyl which has 

structure (V). The hydride hgand of the parent compound is thought to have been trans- 

ferred to the carbon atom of the entering CS, molecule althougb the hydrogen atom was 

not actually located by the X-ray diffraction study. 

J. Qrgano’meral. them., 43 (1972) 
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D. Azobenzene derfatives 

Heck6* prepared the first rhenium carbonyl derivatives of azobenzene by a ligand ex- 

change reaction of the rhenium pentacarbonyl anion with chloro-2-(phenylazo)phenyl- 

palladium dirners. The compounds were obtained in low yields but are thermally quite 

2 NaRe(COZ,- 2 2co+ 2w+ 2NaCI 

stable. Later it was found that azobenzene will react directly with either Rez (CO)re or 
MeRe(CO)5 in refluxing petroleum ether (b-p. 100-120”) to give tetracarbonyl-2- 

63 (phenylazo)phenylrhenium . Starting with MeRe(CO& an 80% yield was obtained. 

E. HRe[CO)5 

The hydrido derivative, HRe(CO& , has been prepared by the reaction of either 

phosphoric acid or water on the Re(CO)5- anion 64&S The compound is a colorless, . 

air-sensitive, very weakly acidic liquid which melts at 12”. 

IIL RHENIUiM POLYNUCLEAR CARBON= 

The reduction of Re2 (CO),e , with sodium amalgam at room temperature in tetra- 

hydrofuran, yields the pale yellow salt NaRe(CO), -?4C4 He 0. At reflux temperature, or 

on addition of NaB&, carbon monoxide is evolved and the solution acquires an intense 

red coloration. After acid hydrolysis, HRe(CO)s , Re* (CO)Io, and the polynuclear 

hydrides He Re(CO)ra 6p and HRee (CO)r4 67 are isolated in varing amounts although 

H3Re3(C0)ra is more conveniently prepared by passing hydrogen through a decalin solution 

of ReZ(CO)10 at 120°*68. 
Attempts to perform a detailed crystallographic analysis on H3Re3(CO)r2 have been 

unsuccessful. However, treatment of H3Re3(CO)I, with base yields the anion 

[Hz Re3(CO)12 1 - isolated as the tetraphenylarsonium salt, for which an X-ray diffraction , 
study has been published6’. The anion has C ay symmetry with the three rhenium atoms 

defining an approximate isosceles triangle (VT). While the hydrogen atoms were not 

detected in the crystallographic investigation, the proton NMR spectrum shows a sharp 

singlet at ~27.2 characteristic for hydrogen bonded to rhenium. This information, along 

with consideration of the Re-Re distances, indicates the hydrogen atoms are present 

somewhere along two sides of the triangle. 

J. Organometal. Chem., 43 (1972) 
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Likewise, a structural investigation of HRe3(C0)14 has not been reported. From NMR 
and infrared evidence the compound is thought to have the linear structure shown by 

formula (VII), at least in solution 67. HRe3(CO)14 will react with carbon monoxide at 

atmospheric pressure to yield HRe(CO)s and Re, (CO),, ‘O. 

Evaporation to dryness of the red colored solution described previously, followed by 
dissolving the residue in acetone and addition of tetra-n-butylammonium iodide”.“, gives 

a compound of stoichiometry [(n-C,HS)lN ] 2 [Re4 (CO),,]. The stereochemistry of the 

anion (VIII) shows that the f&r rhenium atoms lie in a phe. 
_ 

9 
/\ 

I 
JR, 

/ \Re/Re(- 
--l-- 

‘I’ 

IX 

An ion of stoichiometry [H6 Re4 (CO),,j” has been prepared= by refluxing a THF 
solution of Re,(CO),, and NaBI& overnight, followed by stirring at room temperature 

for several days. This dianion is then isolated as the tetraphenylarsonium salt. The four 
rhenium atoms defme a tetrahedron (IX) with three carbonyl groups attached to each 

metal ion. Although the six hydride ligands were not detected in the crystallographic 

analysis, the proton NMR shows a single peak at ~27.4 indicating the hydrogens are 
equivalent. In all probability, a hydrogen atom lies along each edge of the tetrahedror, 

bridging two rhenium atoms. 
A compound with the formula I& Re4 (CO),, is produced74 by heating H3Re3 (CO),, 

in decalin at 190” for 30 min or is prepared by passing hydrogen through a decalin 

solution of Re2 (C?),, at 170G ~5. Infrared and NMR evidence suggest the four rhenium 

atoms form 2 tetrahedral cluster which must be unsaturated if each metal is to attain an 

inert gas configuration. The compound may be considered as being derived from the 

JS-& Re4 (CO),, 1 2‘: ion by losing two hydride ions. 

J. Organomefal. Chem, 43 (1972) 
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The rhenium hydride ion [ReH9 ] *- has been found to react with a stream of carbon 
monoxide in the following manner75 : 

[(C2Hs)4N]2ReH9 +CO ~[(C2H,),N]Re2(CO),Xs 

(X = H, EtO, i&O) 

NMR and infrared evidence suggest a structure (X) where two Re(CO)a moieties are bridged 
by three X groups. For the hydride complex, a single resonance at 727.49 is found demon- 
strating the presence of rhenium bonded hydrogen. This value is considerably higher than 
what has been found for non-bridging rhenium bonded hydrogen, (e.g., T 15.7 for HRe(CO)5 ” 
and r 18.5 for [ReH9 ] 2- 76), but is in good agreement with the ~26.25 value reported6’ for 
the bridging hydrogen in HRe, (CO)r4 and the 727.4 value reportedn ‘for the bridging 
hydrogens in the [H6Re4 (CO), ] *’ anion. 

’ A, - 
_ARe,x I I x\ ,x >( 

,Re, 
/ 

(X= H-,EtOj-Pro-) 

X 

Finely divided rhenium heptasulphide, intimately mixed with copper powder, has been 
carbonylated to yield a mixture of Re, (CO) rQ and the polynuclear tetracarbonyl 
[Re(CO), ] x ” : 

2000/7 h 
RezS? +Cu+CO ___jl 

85 atm 
Re2 (co110 + PWCO)d, 

The insolubility of the tetracarbonyl complex prevented a determination of its molecular 
weight. The simplest structure which would allow each rhenium to obtain an inert gas 
configuration is a tetramer in which the rhenium atoms are located at the corners of a 
tetrahedron. 

IV. SUBSTITUTION REACTIONS OF RHENIUM CARBONYL COMPLEXES 

Dirhenium decacarbonyl, the rhenium carbonyl halides and hexacarbonylrhenium(1) 
cation undergo reactions with a wide variety of ligands. These ligands replace carbonyl 
or other groups in the complexes, and in addition, products may be isolated which 
indicate nucleophilic attack on a carbonyl carbon. Substituted carbonyl complexes also 
result from the carbonylation of rhenium complexes. Few crystal structures are reported 
for these substituted rhenium carbonyl complexes and most structures have been assigned 
from IR, NMR and dipole moment studies. 

J. Organome&al. them., 43 (1972) 
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A. Rhenium carbonyl halides end hexacarbonylrhenim (I) cation 

The CO groups in [Re(CO)6]+ are more inert to substitution than those of the rhenium 
carbonyl halides7a78 _ The dissociative lability of the CO groups in Re(CO)5 X depends on : 

the nature of X with I, Br, Cl, NC0 and H groups labilizing the CO groups as compared to 

[Re(CO)e]’ 7. 
Substitution of CO groups in Re(CO& X and [Re(CO)+X] s (X = Cl, Br, I) occurs 

readily ln organic solvents and may be represented by Scheme 1. Monosubstituted com- 

plexes Re(CO)+LX are most readily isolated from the reaction of [Re(CO),X] s with a 

stoichiometric amount of the Iigand under mild conditions”. With excess Iigand the tri- 

carbonyl complexes Re(CO)s I+ X are usually obtained from either Re(CO)s X or 
Ret (CO), X, _ These tricarbonyl complexes have three structural possibilities (XI), (XII),, 
and (XIII). Substituted tricarbonyl complexes are observed with structure (XI) fat, and 

(XII) met-, with steric requirements favoring the mer arrangement but trans effects 

favoring the fat anangement78. 

0 x 
“\I /L 

OC 
/yy 

C 
0 

XI II 

The halogen bridged complexes Rez (CO), I+, X s are assigned structures (XIV) and 
(XV) in which the substitution is cis to the halogen bridge. Three v(C0) bands are predicted 
for (XIV) and five for (XV). If coupling between the two halves of the molecule is neg- 
ligible, however, three bands would also be predicted for (XV): 

Further substitution to yield mono- and dicarbonyl complexes takes place only under 
more rigorous reaction conditions, such as evacuated sealed tube reactions8*. 

J. Orgunometal. Chem. 43 (1972) 
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XIV 
XV 

1. Isoninile and nitrile complexes 
Few isonitrile derivatives of rhenium(I) have been reported. p-Tolylisonitrile reacts with 

Re(CO), Cl to yield a cationic tetracarbonylgl : 

Re(CO)5C1 f RNC w eRe(CO), (RNCj2 1 Cl 

The cohplex reacts with pyridine to eliminate carbon monoxide and isonitrile to yield 

Re(CO)a(Cs Hs N)2 X. It is surprisin, 0 that an ionic derivative is formed in light of the 

nonionic, phenylisocyanide derivatives ofmanganese(1) Mn(CO)&NC)5_xBr “, The 
mixed phosphine-isonitrile complexes [Re(COj(l?Ph3)2 (RNC)X] x, and 

Re(CO)(PPh3)2 (RNC)a Cl (R = pMePh, X = Cl, Br) have also been reportedg3. 

Organonitriles react with rhenium(I) halocarbonyls to give either mononuclear or 

binuclear complexes. 

[Re(CO)4 Br] a + 2CH3 CN 3 2Re(C0)4 (CHa CN)Br a4 

Re(CO)sX + 2RCN 4 Re(CO), (RCN), X + 2C0 
(X=Cl,Br;R=Me “) (X = Br; R = Me, Et, C2 H3, Ph 84 j 

2Re(CO)s X + 2RCN --f Rea (CO), (RCN)2 Xa 
(X = Cl, Br, I; R = Me 86) 

Infrared evidence suggests that the nitriles are u bonded to the metal. The IR spectra in 
the carbonyl stretching region are consistent with a fat arrangement (XI) for 

Re(CO)3 (RCN), X an d a cis structure for Re(C0)4(MeCN)Br. The binuclear complexes 
are formuiated as halogen bridged complexes of structure (XIV). 

Reactions of malono-, succino-, and glutaronitrile with Re(CO)s X have been reported 

to yield monomeric complexes Re(CO)3 (dinitrile)X in which the nitriles are considered 
to be IT bonded to the metal=. Additional studies, however, suggest that these complexes 

should be formulated as halogen bridged dimers with o bonded nitriiess7 . The acetonitrile 

complex [Re(CO)s (MeCN)]’ has been reported from the reaction of Re, (CO),, with 

NOPFe 88. 

2 PJilrosyl-carbonyl complexes 

Nitrosyl chloride or nitric oxide in the presence of hydrogen chloride reacts with 

Re,(CO)8Clz in benzene to yield the chlorine bridged Rez(CO)4(NO&CL, ” : 
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Rea (CO), Cl, + NOCl -+ Re,(CO),,WOhCb 

The bromo and iodo derivatives are obtained by metathesis with the corresponding potassium. 

halides. The dimeric formulation is based on the appearance of the parent molecular ions in. 

the mass spectra. Structures (XVI) and (XVII) are considered most probable on the basis of 

infrared and molecular weight data. The NO stretching vibration for the chloro complex 

appears at 1803 cm-’ which is consistent with a +1 oxidation state for the NO group. 

The halogen bridges in the nitrosyl complexes are readily cleaved by oxygen, sulfur, 
nitrogen and phosphorous donor ligands 8g~90 Pseudo first order kinetic experiments for . 

Rea (CO)4(NO), X, + 2 L + 2 Re(CO)a (NO)I_& 

(X=C1;L=C5H5N8g;2-F~,2-or3-C190,3-or4-CNae,4-CHs 8g or3,4-(CHa), 8g 
pyridine; C5 H5 NO 8g ; PhaPO *’ ; C4Hs S 8g). 
(X=Br,I;L=C5H5Nag). 

the cleavage of the chloride bridges in Rea (CO)4 (NOh Cl, by chloro-, fluoro-, and cyano- 

pyridines indicate that the reactions are first order in both ligand and complex concentra- 

tions?. The probable structures for Re(CO)2 (NO)(L)Xs which are in agreement with the 
infrared and molecular weight data are (XVIII), (XIX) and (XX) “. 

The complexes Res (CO), (NO), Cl, al so react with @diketones to yield stable, sublimable 

complexesgl. 

Rez (CO>, (NO), Cl4 + 2~~3 + 2Re(CO), (NO)ACl + 2HCl 

(AH = acacH, FeacacH, Bz, CH,) 

Structure (XXI) has been assigned to the acetylacetone derivative on the basis of its NMR and, 

IR spectra. 

The 7i donor ligand cyclooctene reacts with Res (CO), (NO), Cl, to yield a novel olefin 

complexg’ . Solution molecular weight studies in chloroform and IR studies suggest structure 
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(XXII). No IR or NMR data for the complexed olefm are reported. 

Res (CO), @O)z Cl, + 2 CS HI4 + Re2 (CO)z (NO)2 (Cs Hr& Cl, + 2C0 

The complex (XXII) undergoes bridge splitting reactions with pyridine, 2&loropyridine, 
triphenylphosphite and triphenylarsine to yield complexes of the stoichiometry 

Re(CO)(NO)L Cl2 which may have structure (XXIII) ‘r. 

XXI 
XXII XXIII 

3. Ammonia and amine complexes 
Ammonia reacts with chloropentacarbonylrhenium(I) to yield a diamagnetic carbamoyl 

complex . 91yp3 Primary and secondary amines also yield carbamoyl complexes when allowed 

to react with ReI complexes. 

60” 
Re(CO)s Cl + NHs - 

lh 
Re(CO)4 (NHs)CONH2 + NH, Cl 

Re(CO)s X + Rr R2 NH + Re(CO)4 (Rr R2 NH)CONRr R2 + Rr R2 NH2 X 

Ri =Me i-I% n-Bu C6Hll Me CsHio GHs 
Rs =H H H H Me Cs Hro C4b 

X = Cl Br Br Br Br Cl Br Br Br 
ref. 93 94 94 94 94 93 94 94 94 

These carbamoyl complexes exhibit four Y(CO) bands which are consistent with a cis 
substitution pattern. The proposed structures are identical to that found for 
Mn(C0)4(NH2 CHs)CONHCHB 9~. 

The mechanism suggested for the formation of carbamoyl complexes involves a nucleo- 
philic attack on a carbonyl carbon by the amine 93P Whether the reaction proceeds . 

through a [Re(CO)s (NH* R)] + or a Re(CO)4 (CONHs)X intermediate is still in question. 

Cationic intermediates.may be favored because their carbonyl groups are susceptibIe to 

nucleophilic attack g3yg6 . This mechanism is similar to that suggested for the reaction of the 

hexacarbonylrhenium(1) cation with alkoxide? . 

Further reaction of Re(C0)4(NHs)CONH2 with ammonium chloride and ammonia 

yields the ionic products [Re(COJ, (NH3)2 1‘ and [Re(CO)3(NH3)J]’ %* - The similar 

reaction with only ammonia is reported to yield Re(CO)J (NH,), NC0 and 
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16 H.C. LEWIS, JR., B.N. STORHOFF. 

Re(CO)3(NH3)2 CN 92*g3. In addition both HRe(CO)S and Re2 (CO)I~ react with 

ammonia and ammonium chloride to yield [Re(C0)3(NH3)3]+ *. It is suggested that 

HRe(CO)s and Res (CO)re are oxidized by the ammonium chloride. 
The carbamoyl complexes react with HCl to yield ionic pentacarbonyl complexes which 

can be isolated as hexafluorophosphate salts. The corresponding compound [Re(CO)s NH3]’ 

Re(CO)4 (NRHs )CONHR + 2HCl + [Re(CO)s (NH* R)] %l- + RNH3’C1 

(R = H 94 ; R = Me, CH(CH3)2 “) 

has also been isolated”. These ionic pe ntacarbonyl complexes are very susceptible to nucleo- 

philic attack by amines, azide ion and iodide ion 94. For example, the attack by isopropyl- 
amine results in a carbamoyl complex. The arrangement of the product suggests that the 
reaction proceeds by a direct attack on a carbonyl carbon and not by.a NH2 CH3 migration. 

[Re(CO), NH2 CH3 ] + + i-PrNHz + Re(CO), (NH2 CH3)CONHCH(CH3)s 

If the nucleophlle is azide ion or hydrazine, an isocyanate product Re(CO)4 (NH2 CHs)NCO 
results. 

The carbonyl carbons in ]Re(CO),]’ are susceptible to nucleophilic attack by azide 

ion, hydrazine and isopropylamineg6 : 

[Re(CO),]+ + N3- -+ Re(CO)5NC0 + N2 

CRe(C% I’ + 2% I% --f Re(CO)s NC0 + (N2 H, 1’ 

[Re(CO), ]’ + 2(i-Pr)NHa + REP [(i-Pr)NH, ] CON(i-Pr)H 

In contrast, the reaction of [Re(CO)6 ]’ with ammonia is reported to yield HRe(CO)s , 

NE&’ and urea”. The reaction of [Re(CO& ]’ with tetramethylethylenediamine is reported 

to yield Re2 (CO),e EI. 
Isocyanato complexes have also been reported from the following reactions% : 

Re(C0)4 LBr + Ns H4 + fuc-Re(C0) a I_(Ns H,)NCO 

(L = AsMe, Ph, PMe, Ph, PPhs) 

mer-Re(CO)sL2X + NzH4 --, Re(CO), @2H4 )@z WC0 

(X = Cl, Br; L = PMe2Ph, PhlePh2 , PPhs) 

Both cis- and trans-Re(CO).,LBr yield identical products. However, only the mer isomer 

of Re(CO)ab X reacts with hydrazine. It is suggested that Re(CO)4 LX and 
Re(CO)3 Lz X dissociate into five coordinate catioric species which coordinate a 
hydrazine to yield a six-coordinate species which undergoes further reaction through a 

carbamoyl intermediate. 
The coordinated hydrazine in Re(CO)s L@12H4)NC0 and Re(CO)s L2 @I7 H4)NC0 

is readily replaced by phosphine ligands or carbon monoxide”. 
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Re(CO)3 (I$ H4 )L(NCO) + L + mer-Re(CO)a Lz NC0 

(L = PMe, Ph, PPh,) 

Re(CO)s b (Nz H4)(NCO) + CO --f mer-Re(C0)3Ls NC0 

Re(CO)s Ls (N, H4)(NCO) + L -+ Re(CO)s LsNCO 

(L = PMe, Ph, PMePhz ) 

Substituted tricarbonyl complexes of the stoichiometry Re(CO)s L NC0 have also been 

isoiated from the following reactionsg6 _ 

Re(CO)s NC0 + L-L + Re(CO)s (L-L)NCO + 2C0 

(L-L = diphos, o-phen, 2,2’-dipy) 

Infrared evidence suggests that these complexes have structure (XI)_ Kinetic studies indicate 
that the reaction obeys the first order rate law, rate = k, [Re(CO)5NCO] g6, which has also 

been obtained from similar studies with halopentacarbonylrhenium(i) complexes7*gg _ The 
value of ki at 60°C is significantly larger than the values for the halide complexes_ The order 

of k, for the Re(C0)5 X complexes is NC0 > Cl > Br > 1. This order is in agreement with 
the observation that a nitrogen donor ligand Iabilizes one or more of the remaining CO 

groups7. 

In contrast to the reaction of the cationic [Re(C0)6 ]’ with azide iong6 , the reaction of 
Re(CO)3 Lz Cl with azide ion yieids Re(CO)a b Na “. 

mer-Re(CO), L2 Cl f Ns- * mer-Re(C0)3LZ.N3 + Cl- 

(L = PMe, Ph, PMePhs) 

The reaction of azide ion with Re(CO)s Cl is reported to yield the diamagnetic complex, 

]Re(CO)3(Ns)WO)]-, h- h w ic reacts readily with triphenylphosphine, L, to give 

Re(CO)s(L)z NC0 and Re(CO)s b Ns ‘00. 
The nonionic, diamagnetic complexes kc-Re(CO), (NI-Is j, Cl and fat-Re(CO)s(NHs C6115 )s Cl 

resuit when Re(CO)s Cl is treated with ammonia and aniline respectively in benzene81yg7 : The 
observed number of v(C0) bands for Re(C0)3 (NH,), Cl is consistent with the fuc isomer (XI). 

Re(CO)3(NHs)C1 is formed &hen Re(CO& Ci and ammonia react at 33” *r . The 
expected stoichiometric amounts of carbon monoxide are not liberated in these reactions 

and it is suggested that formamide and formanilide result. Reaction of piperidine or tetra- 

.methylethylenediamine with Re(CO)S Cl in diglyme also yield disubstituted complexes 

Re(CO)s Lz Cl ‘8. 

4. N-HeterQcyclic and molecular nitrogen complexes 
The nitrogen heterocycles pyridiie’* *” ~101-103, r_picolinero3, 2,2’-bipyridine* *lo1 and 

1 ,l O-phenanthroline’” react readily with Re(CO)s X to yield Jlhc-Re(CO)a b X or 

Re(CO),(L-L)X. The monosubstituted complex cis-Re(CO)J(Cs H5 N)X results from the 

reactions of [Re(CO)4X] s with pyridine79-. 
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Potassium dihydrodipyrazolylborate reacts with Re(CO)s Br or Rea (CO)re to yield 

(XXIV) rw . it is suggested that pyraz ole results from a disproportionation of a complex, 

rather than an uncomplexed, [Hz B(N, Cs Hs)*]- unit. The phosphite CHs C(CHz 0)sP 
reacts with (lD(IV) to displace the pyrazole and the carbon monoxide truns to the pyrazole. 

xxiv 

A molecular nitrogen complex of rhenium presumably results when a rhenium benzoyl- 
hydrazido complex is chromatographed on silica gel”’ ,r”. 

Re(PPh& (N2 COPh)Cll + 2C0 + Re(PPh3 j2 (CO)i (NZ COPh)C12 

k 

Silica gel 

Re(PPh3)z (CO), N3 Cl + other products 

The molecular nitrogen was detected by the presence of three absorptions at 2105,202O 
and 1920 cm-’ which are found at 2060,200O. and 1930 cm-’ in the Is N analog. 
Oxidation of the molecular nitrogen complex with chlorine yields two moles of carbon 

monoxide and one mole of nitrogenro5. 

5. Phosphorus and arsenic donor complexes 
Triphenylphosphine79 79g *ro3, diphenylethylphosphinero3 and tri-n-butylphosphinero3 

readiIy cleave the halogen bridges in ReZ (CO)e XZ (X = Cl, Br, I) to yield cis-Re(CO),LX 
complexes. Further reaction of Re(CO)4 LX or the reaction of Re(CO)j X with excess 

ligands yields the well known Re(C0)3 L2 X complexes. These tricarbonyl‘derivatives are 

reported for triphenylphosphineso .lol J’~, diphenylethylphosphinero3, diphenylmethjrl- 
phosphine78 , diphenylphosphine78, tris(dimethylamino)phosphine78, triphenylphosphiteso, 
triphenylarsine’“’ and the chelating Iigands diphos” *gg and dia# 1107 _ The fat isomer (XI), 
has been assigned to all these Re(C0)3 Lz X complexes except the P(Mlez)s complex 
which is the mer isomer (XII)78_ fac-Re(C0)3(PPhsh I has also been converted to the mer 
isomer by heating to 1 SO0 ** _ 

Several mixed phosphine-pyridine complexes Re(CO)s LL’X have been reported in 
conjunction with a kinetic studylo 

Re(CO)4 LX + L’ + fac-Re(CO)3 LL’X f CO 
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L PPha C5HSN PPha PPhaEt P-n-Bus 
L’ CsHsN PPha Py 4r PPha 
X Cl Br Br Br Br 

Although substitution of more than two CO groups is difficult, the reaction of 

Re(CO)s [P(OPh)s], I with excess ligand has resulted in Re(CO), LsI ** . Similarly 
evacuated sealed tube reactions of diphos with Re(CO)s I yield dicarbonyl complexes. 

These cationic complexes yield monocarbonyl complexes when treated with an excess of 

Re(CO), I + diphos 5 [Re(CO)a (diphos)z ]+X- 

(X= I-, Cl-, C104-, NOs-, BPh4-, S&la-) 

diphos at 270”. 

Additional monocarbonyl complexes Re(CO)(diars)a X (X = Cl, Br, I) are obtained from 
the treatment of Re(CO)s(diars)X with excess ligand in sealed tubes at 270” lo7. These 
monocarbony1 complexes are oxidized by chlorine and bromine to yield seven coordinate 
ionic complexes. Similar oxidation reactions are discussed in section IV-B. 

Re(CO)(diars)a X + 2X2 + [Re(CO)(diars)a Xa ] X3 - 

The potentiahy terdentate ligand 1,l ,I.-tris(dimethylarsinomethyl)ethane (triars) reacts 

with Re(CO)s Cl to yield jbc-Re(CO)s(triars)Cl in which the ligand functions as a bidentate 
ligand lo8. 

Tetraphenyldiphosphine or -arsine react with Re(CO), X to yield dimeric complexes 

which are presumably bridged by the bidentate Iigand”‘. These dimeric complexes exhibit 

2Re(CO)s X + L-L + Rea(CO)eLXa + 4C0 

(X=Cl,I,L-L=P2Ph4,AszPh4) 

four v(C0) bands and are assigned structure (XV). The presence of four v(C0) bands is 
surprising in light of the five observed for Re,(CO)e(PPha)a(SePh), I’* and the three 
observed for the halogen bridged complexes Rea (CO), Le Xa . Dimeric tetracarbonyl 
complexes with bridging PPha groups have been isolated from Re(CO)5 X with [PPh, ]- lo9 

and Me3 SiP( ‘I1 . 

2Re(C0)5 Cl + 2KPPhs 2 Rea (CO)s (PPhs )a 

0 

2Re(CO)5 Br + 2Mes SiPPh, 60 
DME 

Rea (co)8 Wh, 12 

Hydridopentacarbonylrhenium reacts with PPhs , P(OPh)s , and PEt3 under mild 

conditions to yield cis-Re(CO),, LH ‘I2 . Under more rigorous conditions tricarbonyl 

complexes result. 
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2CeHeReCp + 2AcCls b 
Cs, 

AcCsHS ReCp + PhRe& % AC + 2HCl 

Bromopentacarbonyhhenium(1) reacts with methyl substituted benzenes (Ar) to form 
complexes of the stoichiometry ERe(CO)aBr] a -Ar lig. 

3Re(CO)5 l3r + Ar 
petr. ether 

130” 
) [Re(CO)&r] a -Ar + 6C0 

The proposed structure (XLIV), based on infrared and chemical evidence, allows each 
rhenium atom to obtain an inert gas configuration without resorting to metal-metal bonds. 

Ar *.. .._ 
.:;. CO& 

Note added in proof: Another possible structure for these 

CO&Re -** \ complexes is the ionic formulation [ArRe(CO)a ] [Rea (CO)eBra ] 

\ 
C,\ ,*r 

BrG.!?e 
/ 

The anion would have the configuration shown by structure (X). 
Br--Req 

XLIV 

The arene ligand is considered to be bound to all three rhenium atoms in the cluster, per se, 
rather than to an individual metal atom. 

VII. r-&CLOPENTADIENY L AND BORON CONTAINING COMPLEXES 

A. Di-r-cyciopentadienylrhenium hydride 

Pentachiororhenium reacts with sodium cyclopentadienide to yield dicyclopentadienyl- 
rhenium hydride’84-‘86. The presence of the hydride ligand has been confirmed by the 
appearance of a highfield NMR signalrW ,rs6 a187. The bent structure (XLV) is assigned to 
the molecule. (XLV) is consistent with IR studies’= , and molecular orbital calculations of 
such structures which predicts non-bonding pairs between the ringstag. 

Re-H % 
H 

Re< 
\ 

AlMe, 

XLV 
XLVI 

The presence of non-bonding pairs in spatially directed orbitals is consistent with the .- 
reactivity of Cp, ReH. The molecule is basic and readily protonates to yield [Cpa ReHa J? ‘.84?” 
In addition, adducts formulated as (XLVI) are formed with BCls , BFs r3r and AIMes rvz . 
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