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I. Introduction 

This article will be concerned with the preparation and properties of 
alicyclic fluoroca,rbon (fluoroalicy clic) derivatives of metals and metal- 
loids. The discussion will be restricted to compounds containing the 
fluoroalicyclic ring sigma-bonded to elements other than carbon, nitro- 
gen, oxygen, and the halogens, although inevitably the chemistry of 
some compounds from this latter group will need to be described. Com- 
plexes in which the metal or metalloid is part of a ring such as (1) (160) 
are excluded as are n complexes of fluoroalicyclic olcfins which some 
authors regard as metallocyclopropanes as in (2) (131).* 

* The mode of bonding of olefins lies between the extremes represented by 

(130) .  The latter is preferred by some workers (e.g., 2 4 , 1 3 1 )  to describe the fluoro- 
olefin case. 
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The general class of sigma-bonded fluorocarbon derivatives of metals 
and metalloids has been known for some time (5 ,114) .  Most of the early 
work was concerned with the chemistry of trifluoroiodomethane and the 
preparation of trifluoromethyl derivatives such as (CF,),Hg (115). 
Since then fluoroaliphatic derivatives of many transition metals have 
been prepared (28, 208) and some interest has been shown in studying 
vinylic and acetylenic derivatives (27, 28, 43, 63, 89, 203). 

Some of the material presented in this review has been described 
previously (62) .  The present article is an updating of this work and, in 
particular, gives an account of the coordination complexes derived from 
fluoroalicyclic-bridged ditertiary phosphines and arsines. 

II. Preparative Methods 

A. CARBENE AND CARBENOID ADDITIONS 

The addition of a carbene (R2C :) to a carbon-carbon double bond is a 
well-known source of cyclopropanes (143, 153), and addition t o  a triple 
bond is a less extensively investigated route to cyclopropenes (20, 98, 
143,153,195).  Trimethyl(trifluoromethyl)tin acts as a source of difluoro- 
carbene when heated in the gas phase a t  -150°C (45) .  The carbene so 
produced adds stereospecifically to  cis- and trans-butene-2, so it is 
probably in the singlet state (87,153) .  It also adds to vinylic and acetyl- 
enic derivatives of the Group IV and V elements to  give the corresponding 
cyclopropene or cyclopropane derivative (81, 87) .  Again these additions 
are probably stereospecific. 

R,MbCRI + (CH&SnCFs + 1.50' RnMvR' + (CH&SnF 

Fa 

R = mainly CHs, M =As, Si, Ge, Sn 
R, = mainly CFa, also CsFs, and CF(CFs)a 
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160° 
ttans-(CHs)sAsC(CFs)=C(CFa)II + (CHs)sSnCFa __+ 

(CHs)aAs CFs 
c F 3 v  + (CH8)sSnF (2) 

Fz 

The yields in the thermal reactions 
quite high, e.g., 84% in the case of 
surprisingly, they are poor when addition of the carbene to a bisacetylide 

150" 
(CHs)aGe(WCFs)a i- 2(CHs)sSnCFs - 

isattempted. Further reaction of the cyclopropene products of reaction (1 ) 
with the carbene source does not seem to occur, even though Mahler 
(161) found that a bicyclobutane results when hexafluorobutyne-2 is 
heated with tris(trifluoromethy1)phosphorus difluoride. The phosphorus 
fluoride is another carbene source. 

m 
Other cyclopropyl derivatives, (C2H,),MCHCH2CF2, have been 

obtained by reacting vinyl derivatives with a CF, source. I n  this in- 
vestigation the carbene was generated by treating the trifluoromethyltin 
compound with sodium iodide (198).  

DME 

80" 
(CH&SnCFs + I- __f (CH3)sSnI + CFg ( 5 )  

CFJ __f CFz+I- 

Seyferth and his co-workers have also extensively investigated 
mercurials as carbene sources (194),  and have prepared dichloro- and 
chlorofluorocyclopropanes by either heating the mercurial with the 
Group IV vinyl derivative or by using an iodide displacement method as 
described in reaction ( 5 )  (196, 197). 
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RsM 

RsMCH4HB + CsHaHgCClpBr - H + - f H  + CaHaHgBr (6) 

Cla 

R = CaHs 
M = Si, Ge, Sn 

(CHs)sSi 

(CHsfsSiCH4Ho + CeHbHgCClaF - H v H H  + cs&H&l 

FCl (7) 

The reaction of nonfluorinated diazomethanes with unsaturated 
metallic species has received scant attention (94). In the fluorocarbon 
field it has been found that bis(trifluoromethyl)diazomethane, (CF3),CN2 
(129), reacts with alkynyl derivatives to afford cyclopropenes (79,88). 

(CHs)sSi' Si(CHs)s 

(CHs)aSiCkCSi(CHs)a + (CFs)aCNa - v + Na (9) 

The product of reaction (8) can also be prepared by reacting the alkyne 
with bis(trifluoromethyl)diazirine, (CF3),=N (88). The yield of the 
bistrimethylsilyl derivative, the only known cyclopropene with two 
metalloid substituents, is low. It is possible that the free carbene 
[(CF3),C:] is involved in these reactions. An alternative path would 
allow 1,3-addition to form an isopyrazole which would then eliminate 
nitrogen, either thermally or photo-chemically, to give the cyclopropene. 
This is found in the thermal reaction of the diazomethane with hexa- 
fluorobutyne-2 (88). 

(CFs)m 
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B. CYCLOADDITION REACTIONS 

1.  The [Z + 21 Reaction 
Although the concerted [2 + 21 cycloaddition reaction of olefins to 

give a cyclobutane is disallowed (218), the reaction can still take place 
via a diradical intermediate (7 ,181,187,206) .  So far only silicon deriva- 
tives have been prepared by this procedure (21,144,179,207) .  

>c-c< >c-c-= 
I I  (11) 

>c=cc 
+ d 

>c=c< >c. I l -  * c <  >c-c< 

RsSiCXdHa + CFp= CY 2 __* (12) 
RsSi 

X 

X = H (mainly), C1 
Y = F (mainly), C1 
2 = C1 (mainly), F 

Reaction takes place at  about 200°C and a free radical inhibitor is often 
added to improve yields which, on the whole, are quite good. Cyclization 
occurs in the sense shown in reaction (1  2).  When geometric isomers are 
possible, for example, if X = Z = C1, these are produced in approximately 
equal amounts. However, one isomer predominates when R = X = Z = 

C1 and Y = F (80).* It seems that the silyl groups activate the double 
bond with respect to addition (179), possibly by stabilizing the radical 
intermediate. 

The related [2 + 21 addition of an acetylene to an olefin to give 
a cyclobutene is known for fluorocarbon systems (e.g., 161). How- 
ever, attempts to react fluoroalkynyl derivatives of metals such as 
(C,H,),GeCrCCF, with fluoroolefins have not been successful (81) .  

2. The [2 + 41 Reaction 
This cycloaddition reaction, the Diels-Alder reaction, is a thermal 

symmetry-allowed addition (218). It is a commonly studied reaction of 
fluorocarbons (e.g., 3, 193) and has been used to prepare hydrocarbon 
derivatives of metals and metalloids (e.g., 32, 128) ; however, only a few 
fluoroalicyclic derivatives of germanium and silicon have been obtained 
by this route (145, 184). 

* The cyclization of CHZ=CHCl with CFz=CFH is apparently stereospecific 
(181) .  
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The germanium analog of the product of reaction (13) can probably be 
prepared by the same method. Reaction (14) is known for a variety of 
vinylsilanes and best yields are obtained if an Si-H bond is present. 

C .  HYDRIDE ADDITIONS 

1.  Additions without Elimination 
Addition of hydrides to fluoroolefins has been a fruitful source of 

fluorocarbon derivatives of many elements (5, 28,114, 208). I n  the case 
of fluoroalicyclic olefins the product is usually that which would be 
obtained from an "addition-elimination" sequence (q.v.). However, 
some of the adducts are stable. Thus, trimethjrlsilane, -germane, and 
-stannane add to fluorocyclobutenes to yield cyclobutanes (82,136).  "rrH (16) 

Fz 

":o, - (CHs)sM 
(CH3)sMH + 

x x  
M = Ge;  X =F, C1 
M =  Si, Sn; X =  F 

Some thiols react similarly (65, 186), as do pentacarbonylmanganese 
and pentacarbonylrhenium hydrides (16, 50) .  

HF Fm + (C0)sMH - mF (16) 
(COhM F F F  

M = Mn, Re F 

The nuclear magnetic resonance spectra of the adducts of reaction 
(15) suggest that cis hydride addition occurs (82) .  However, penta- 
carbonylmanganese hydride apparently adds trans to hexafluoro- 
cyclopentadiene (121). 
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(C0)sMnH + '6; __+ 

:@F + (CO)sMn F o F F  (C0)5Mn Fa F 
F F (17) 

The 1,4-adduct is the major product of this reaction a t  -78", but i t  is 
unstable and rearranges to the 1,2-adduct and cyclopent-l-enylman- 
ganese derivatives on warming to 20". 

FH 

F 

In the overall reaction the yield of pentacarbonyl-o-(5H-hexafluoro- 
cyclopent-1-eny1)manganese is much lower (-10%) than that of the other 
two products of reaction (1 8). 

2. Additions with Elimination 
This route has been a major source of fluoroalicyclic derivatives as 

summarized in the following equations (39, 40, 44, 56, 65-67, 69, 75, 82, 
124, 136, 165, 168, 185, 186, 200, 201). 

( (CFs).) ((CFdn, 

(CH3)zAsH + XC= C Y  - (CHs)zAsC= C Y  + HX (19) 

Y = H ,  C1, F, CzHa, AS (CHa)a; X = C1, F 

H 
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+ HF (24) 
t f U ~ - [ ( C s ~ s ) a ~ ] a ~ t ( ~ ~ )  "0: - 

In  the reactions of thiols, silanes, and germanes [reactions (21)-(23)] 
both 1 , l  -adducts and HX eliminated products are obtained suggesting 
that the former are precursors of the latter. In  some cases elimination of 
hydrogen fluoride is preferred over hydrogen chloride so vinylic sub- 
stitution need not be the end result as is shown in reaction (22). It should 
also be pointed out that elimination of metal halides can also occur and 
in the case of trimethylgermane the resulting reduced cyclobutene 
apparently reacts further (82). 

+ HCl 
(cHa)ah - 

(CHa)aG - f-- (CHa)aGe pcl +A (CHdaQeH 

H 

All the germanium-containing products were isolated in this investiga- 
tion. The rate of the arsine reactions [reaction (IS)] depends on the 
electronegativity of X and Y, but no intermediates were detected (66, 
69). The product reacts further with dimethylarsine to give a ditertiary 
arsine when X = Y  = F  and n =  2, 3, or 4 (40). Diphenylphosphine 
displaces both vinylic fluorine atoms [reaction (20)l to give the ditertiary 
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phosphine (67, 75, ZOO),  but monosubstitution is found when vinylic 
chlorine atoms are present and if the reaction is carried out in DMF 
(200, 201). Dialkylphosphines have a greater tendency to give mono- 
substituted products (65). Mixed derivatives are available by reacting 
the arsine products of reaction (19) (Y = F) with diphenylphosphine 
(40, 56). The ease of these substitution reactions decreases as the ring 
size increases, a result which may be related to ring strain (200, 202). 

When the ring has a methoxy substituent, reaction with a thiol or a 
secondary amine gives a cyclobutenone (67,102). 

CHaSH i- FanF' - "flc; (26) 
c1 - OCHs CHaS - 

An addition-elimination sequence is believed to take place when 
fluorocyclobutenes containing a vinylic iodine atom are reduced by 
lithium aluminum hydride (30).  

(27) 

The first intermediate is formed by attack of the eliminated hydrogen 
iodide on the initially formed RfAIH;. 

Reactions such as reaction (24) (44)  involving transition metal 
hydrides have been little investigated. It seems that manganese penta- 
carbonyl hydride does not react with perfluorocyclopentene or the 
products of reaction ( 1  8) (121). 

D. METAL-FLUORIDE ADDITIONS 

The addition of metal fluorides to fluoroolefins and acetylenes is a 
useful source of fluorocarbon derivatives (103,170), but the reaction has 
had limited application to cyclic fluoroolefins (104). 
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E. METAL-ALKYL AND METAL-ARYI, ADDITIONS 

In the general fluorocarbon field only compounds with Mn-R and 
Pt-R bonds (R = alkyl or aryl group) have been extensively investigated 
with respect to their addition reactions with olefins and acetylenes (43,  
167, 217).  Two additions to hexafluoro(Dewar)benzene have been 
described (16 ) .  

F 

R = CHI, CeHs 

Lithium derivatives have been postulated as the intermediates in the 
reaction of lithium alkyls with fluoroolefins or diradicals (e.g., 35, 47, 
199). (See also reaction (57)  in Section 111.) 

Similar additions followed by elimination of metal halide are believed 
to be involved in the reduct,ion of cyclic fluoroolefins with lithium 
aluminum liydritle (e.g., 47)  and alkali metal alkoxides (e.g., 45). Thus, 
these reactions can be regarded as involving unstable aluminum and 
alkali metal fluoroalicyclic derivatives. 
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F. REACTIONS WITH COMPOUNDS CONTAINING METAL-METAL BONDS 

In this section the phrase “metal-metal bond” is used to include such 
diverse reagents as (CH,)2As-As(CH,),, C,H,SCu, and (7r-C,H5)Fe- 
(CO) ,Na. 

Tetramethyldiarsine readily adds to fluoroolefins and fluorocarbon- 
acetylenes-a reaction that is a useful source of chelating ditertiary 
arsines (61, 77 ,  86). However, when cyclic fluoroolefins are used the 
product is that which would be expected from an addition-elimination 
sequence (69). 

(CH3)aAsCFaCF (CF3)As(CHs)z 
C F a d F C F s  

Hexamethylditin does not react with fluorocyclobutenes (82), but the 
Sn-Mn bond in trimethyltin(pentacarbony1)manganese is more easily 
cleaved ( 1 5 ) .  Trimethyltin fluoride is eliminated in a reaction analogous 
to reaction (31). 

A saturated product is obtained from the reaction of the same tin- 
manganese compound with hexafluoro(Dewar)benzene (16). 

(CH3)sSn-Mn (CO) - ’ 
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When perfluorocyclobutene and bis(trimethylsily1)mercury are 
irradiated, the products are trimethylsilyl fluoride, mercury, and 
cyclobutenyl derivatives of silicon (122, 123). 

(CHs)sSi-HgSi(CHs)a + 
F 

FanFa 

I (34) 

These reactions are believed to  proceed through adducts like the one 
shown. Similar intermediates have been detected in additions to acylic 
fluoroolefins., 

Reactions involving metal carbonyl anions have been the most 
fruitful means of obtaining fluoroalicyclic derivatives of the transition 
metals. The tetrahydrofuran (THF) solutions of the anion are treated 
with the fluoroolefin and monosubstitution takes place in good yield 
(6 ,16 ,  26, 50,148). 

THF 
[M]a+Na/Hg __t [M]Ne 

rp"") 
[M]Na, + XC=CX __+ [M]C=CX + NaX 

(35) 

Disubstitution does not occur. In one investigation (26) the saturated 
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1,2-tetrachlorocyclobutane was used; the product wm the same as 
from reaction (35), but the yields were much lower. 

Although the sodium derivative of di-n-butylphosphite failed to 
react with 1 -chloroheptafluorocyclopentene at  20°C (124) an arsino- 
Grignard reagent gave the expected product when treated with per- 
fluorocyclobutene. This is only of academic interest since the hydride 
precursor to the Grignard reagent also reacts to give the same product 
[cf. reaction (19)] (69). 

Copper derivatives RSCu (R = CBHS, C,H,CH2) have been used to 
prepare disubstituted fluoroalicyclic derivatives from 1,2-dichloro- 
cycloolefins (120). 

Clark and co-workers (15) have suggested that the reaction of hexa- 
ff uorobutyne-2 with trimethyltin(pentacarbony1)manganese gives a 
product which can be regarded as the adduct of the Sn-Mn compound 
with the dimer of the butyne [a cyclobutadiene, cf. reaction (49)]. 

However, it is possible that an adduct with the butyne is first formed 
which then undergoes a [2 + 21 cycloaddition with more butyne. 

G. OXIDATIVE ADDITION REACTIONS 

In the transition metal field the oxidative addition of, say, alkyl 
halides to derivatives of metals with a ds configuration has been ex- 
haustively studied (49). However, there is only one report (173) of a 
reaction of this type leading to a fluoroalicyclic derivative. Pluoroolefins 
usually act as two electron donors or dirnerize to give metallocyclo- 
pentane rings as is also shown in reaction (39). 



336 W. R. CULLEN 

P(CaH5)aCHs 

Rh(clcctc)[P(CaHs)aCHs]l (39) 

P(CeHs)aCHs 

Triethylphosphite interacts with hexafluorocyclobutene to give a 
five-coordinate phosphorus compound, which on heating undergoes an 
Arbusov reaction to the phosphonate (155). 

(40) 

(CzHs0)rP + 

F 

Presumably intermediates of this sort are involved when other phos- 
phites react with fluorocycloolefins (l2P-127, 154, 155).  The following 
are typical examples. 

Frank (124-127) found that disubstitution occurs when 1 ,%dichloro- 
olefins are involved, but that monophosphonates can be obtained from 



FLUOROALICYCLIC DERIVATIVES OF METALS AND METALLOIDS 337 

1 -chloro-2-fluoroolefins. The vinylic chlorine atom of the product of 
reaction (42) can be replaced by further treatment with phosphite. 

A 1 : 1 adduct which can be formulated as a nonclassical dipolar 
species is formed when triphenylphosphine and perfluorocyclobutene 
interact (202). 

: n F a  - F a n F ? ,  

F F ,:----:, F 
( C e W a P  + (43) 

I '  , ,  , ,  
, a  

p @ J  

(C6H5)3 

The intermediate is hydrolyzed to a phosphobetaine. Other alicyclic 
fluoroolefins react with tertiary phosphines in acetic acidlwater solution 
to give phosphobetaines directly, presumably via an initially formed 
1 , l  -adduct. 

C4He(CaHs)aP + (44) 

H. DIRECT REACTION WITH A METAL 

Apart from vinylic Grignard reagents, magnesium derivatives are not 
well known in acyclic fluorocarbon chemistry (5, 114). However, a 
number of fluoroalicyclic Grignard reagents derived from bicyclic 
systems are accessible by direct reaction of magnesium with the appro- 
priate halogen derivative (33-36). 

X = C1, Br, 1 

Saturated analogs of the products of reaction (45) are known, as are 
derivatives with hydrogen a t  the other bridgehead position. A saturated 
bicyclic derivative with two MgBr groups, one a t  either bridgehead 
position, has been reported. 

Although the reaction of trifluoroiodomethane with mercury and 
other elements was one of the first to be studied in this field of chemistry 
(5 ,  114), the corresponding fluoroalicyclic derivatives have been little 
investigated in this respect. Park and his co-workers (178) have obtained 
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uncharacterized products from the reaction of Ib=CC1CF,CF2 with mer- 
cury. Bis(undecafluorobicyclo[2,2,l]heptan-l-yl)mercury is obtained 
when 1 -iodoundecafluorobicyclo[2,2, llheptane and mercury react under 
the influence of ultraviolet light (35) .  

Fa 

I. EXCHANGE REACTIONS 

These have been used to prepare magnesium and lithium fluoro- 
alicyclic derivatives. Halogen exchange affords cyclobutenyl and cyclo- 
pentenyl derivatives (179, 180, 182, 203). Electropositive halogens 

Fz 
+ CZHsBr (47) 

:l”Mg13r 
+CaHsMgBr - 

normally need to be present for these reactions, otherwise substitution 
occurs.* However, a recent report (177) describes how even 1,2-dichloro- 
fluorocycloolefins are lithiated by n-butyllithium. 

Hydrogen exchange with methyllithium affords lithium derivatives 
of cyclobutene, cyclopentene, and cyclohexene (37). This method also 
yields lithium derivatives of the bicyclic systems studied by Tatlow and 
co-workers (33-35, 199). 

Y = F, H, CFa 

* Presumably substitution takes place via an addition-elimination process 
which would involve the formation of magnesium fluoroalicyclic intermediates 
(see Section 11, E).  
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An unstable lithium derivative is probably involved as an inter- 
mediate in the synthesis of tfhe unstable tetrakis(trifluoromethy1)- 
cyclobutadiene (169). The cyclobutadiene was not isolated, but its 
existence was inferred from the products actually obtained. For example, 
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J. PREPARATION BY MODIFICATION OF EXISTING FLUOROALICYCLIC 
DERIVATIVES 

Park and co-workers (179) established the direction of their [Z + 21 
cycloaddition reactions (Section II,B, 1) by a series of interconversions, 
some of which are shown in the scheme below. 

CHsMgBr I 

Base-assisted elimination of hydrogen chloride from a silylcyclobutane 
has also yielded a cyclobutene (144) .  

Frank (124-127) found that the phosphonate products of reactions 
such as reactions (41) and (42) also undergo a number of reactions which 
have synthetic potential [reaction (50a)l. The initial cleavage by PC1, 
was developed in order to obtain monophosphonates. These, as shown 
above [reaction (41)], are also available by treating phosphites with 
1 -chloro-2-fluorocycloolefins. 
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P C h  

ClZP(O)\-'( 0)PCla (CF3CH20)2P(0)w(O)P(OCH2CFs)a 

As previously described [reaction (44)], phosphobetaines are obtained 
from the hydrolysis of some phosphorus compounds (202). The butenone 
(3) seems to be one of the products obtained when tetraphenyldiphos- 
phine is heated with perfluorocyclobutene (65). 

A similar hydrolysis product (4) can be isolated from the reaction 
described by reactions (17) and (18) (121).  Cherwinski and Clark (39) 
have found that heating trans-[(C,H,),P],PtCI(C=CFCF2CF2) with water 
in the presence of silicon tetrafluoride produces the cationic carbonyl 
salt trrtns-([(C,H5),PjzPtC1(CO))+SiPs- ( 4 2 )  together with a compound 
of formula ~~U~~-[(C,H,)~P],P~CI(C~F,O). The latter could be a. butenone 
analogous to (a), but spectroscopic evidence favors the structure (5 ) .  

Oxidation of bis-sulfides with potassium permanganate affords 
sulfones in good yield (120). 

- 

((CFZ).) pW")  
RSC= CSR - RSOzC- CSR (51) 

IZ = 2, 3, 4; R = aliphatic or aromatic 
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111. Other Chemical Properties 

On the whole, the properties of the fluoroalicyclic derivatives re- 
semble those of their better known acyclic analogs (5, 114). Thus, 
hydrolysis usually results in liberation of the fluorocarbon group (e.g., 
6 ,  87) (see the preceding Section 11, for some exceptions). 

As previously mentioned in connection with the preparation of 
cyclopropenes (Section II,A), trimethyl(trifluoromethy1)tin acts as a 
difluorocarbene source when heated, the other product being trimethyl- 
tin fluoride (45). Although other acyclic fluorocarbon-tin derivatives 
appear to be more stable (85), the 1,l-adduct of trimethyltin hydride 
and perfluorocyclobutene slowly decomposes at 20" as follows (82) : 

The initial hydride addition is believed to take place cis to  the double 
bond, thus the mechanism of decomposition is possibly abstraction of 
F, by the tin atom to form a carbene followed by hydrogen migration 
to yield the cyclobutene. Both a and elimination have been proposed 
for similar reactions involving silicon compounds (e.g., 12,95)  and in the 
reactions described by reactions (54) and (25) no distinction between 
these two possibilities can be made a t  the moment. A /3 elimination is 
believed to take place when one of the products of reaction (1 8) is heated. 
The resulting unstable dienc can be trapped with CF,NO, otherwise it 
dimerizes (121). 
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The thermal stability of other fluoroalicyclic derivatives of Groups 
IV and V and the transition metals is quite high and even the cyclo- 
propenes are stable. Apart from the mercury compounds, the derivatives 
of other elements exist only in solution and most are unstable. Here 
again there is a rough parallel with their acyclic analogs. The lithium 
and magnesium compounds, in particular, have a tendency t o  eliminate 
metal halide (34, 35, 37, 199, 203), often with the transient existence of 
cyclohexyne and bridgehead olefin intermediates (both may be equally 
well represented as diradicals). A related sequence (49) has previously 
been mentioned. 

~ 

Li F 
n . .  

The diradicals can be trapped by, for example, furan as in reaction (56). 
I n  other cases their existence is inferred from the products obtained from, 
for example, their thermal decomposition in the presence of methyl- 
lithium as in reaction (57). Note that these addition-elimination se- 
quences suggest the formation of a number of new lithium intermediates. 
The stability of 1-lithio derivatives such as the initial reactant of (57) 
is a function of the group a t  the other bridgehead position. This stability 
is in the order F < H < CF,, which is not the order of acidity found in 
the 1H species (199). 

Apart from these eliminations the lithium and magnesium fluoro- 
alicyclic derivatives react normally with the usual reagents such as 
aldehydes, carbon dioxide, and halogens (34, 35, 177, 199) and, thus, 
offer a very convenient route to other derivatives. Many of these reac- 
tions are not possible in hydrocarbon chemistry. In  some cases reaction 
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of 1 Li-4H-decafluorobicyclo[2.2. llheptane leads to 1,4-disubstituted 
products. This is believed to be due to lithium-halogen and lithium- 
hydrogen exchange (34) .  

FZ 

CHsLi I 

The manganese pentacarbonyl derivatives (C0)5MnC=CF(CFz),CF2 
(n = 2, 3) react with triphenylphosphine to give both cis and trans 
isomers of [(C,H,),P](CO),Mn=CF2 (6,148), whereas reaction 
of the perfluoroolefins with [(C,H,),P](CO),Mn- yields only the trans 
compounds. 
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IV. Physical Properties 

The transition metal derivatives are all solids; those of the main 
group elements are mainly liquids. The only physical properties of the 
compounds which have been studied to any extent are their infrared 
and nuclear magnetic resonance (NMR) spectra which have proved 
to be useful in characterizing the derivatives. 

The infrared spectra of the cyclopropenes R,MC=C(Rf)CF2 show a 
strong band in the region 1758-1733 cm-'. This can be assigned to 
v(C=C) ; however, it involves considerable contributions from normal 
skeletal modes and substituent vibrations (48, 216).  When the cyclo- 
propene has CF8 groups in the 3-position, v(C=C) is increased. For 
example (CH3)3GeC-C(CF3)C(CF3)p absorbs at 1837 cm-l (88)  and the 
bistrimethylsilyl compound (CH,),SiC=C(Si(cH,),)C(CF,), [reaction (9)] 
has one of the highest frequencies noted for this absorption (79), in spite 
of the observation (211) that  electropositive groups in the vinylic 
position lower the frequency. 

The monosubstituted derivatives R,MC=CFCF,CF, have v(C=C) 
in the region 1623-1662 cm-l and this does not change much with 
increase in ring size. The same is true for the chloro compounds 
R,MC=CCl(CF,),CF, which have v(C-C) at a lower frequency (-1575 
cm-I). The unsubstituted perfluorocycloolefins have v(C=C) at higher 
frequencies, e.g., F-CF, absorbs a t  1754 cm-'. Thus, the 
presence of an absorption at 1745 cm-l in one of the products of 
reaction (1  8) is good evidence for the proposed 1 ,%addition. 

Symmetrically substituted compounds such as the diphosphonates 
and the ditertiary arsines and phosphines show little double-bond 
absorption. The intensity of the absorption increases somewhat when 
the substitution is unsymmetrical (40) .  

Little can be said about other regions of the infrared spectra. The 
most intense features are the C-F vibrations which, within a particular 
series of compounds, have a characteristic pattern. The presence of a 
vinylic fluorine atom is usually indicated by a strong absorption at the 
high-energy end (-1370 cm-I) of the C:-F stretching region. 

The NMR spectra of all the derivatives are as expected and can 
often be interpreted on a first-order basis. Exceptions to this are the 
silylcyclobutanes. C'yclobutanes can be either bent or planar (e.g., 38,163, 
219).  As a result of a study of the NMR spectra of fluorocyclobutanes 
Lambert and Roberts (156) suggested that two types of conformational 

- 

- 
I I 

- 
- 



346 W. R. CULLEN 

equilibria are possible in solution at 30", planar + bent and bent + bent, 
but in both cases bulky groups preferentially occupied "equatorial" 
positions. The NMR spectra of other fluorocyclobutanes have also been 
interpreted in termsof conformational equilibria (e.g., 116,138,174,181). 
The spectra of the silylcyclobutanes (6) and (7) have been studied with 
the aid of heteronuclear decoupling (80). 

If certain assumptions are made, for example, that 3JHF couplings 
follow a Karplus type of dependence, it follows that (7) exists pre- 
dominantly in the conformer having the bulky trimethylsilyl group 
equatorial. The trimethylsilyl methyl groups apparently couple with the 
fluorine atoms in the ring only when the trimethylsilyl and fluorine 
groups are cis to each other. However, when this information is used to 
establish the preferred conformation of (6) an axial preference of the 
trimethylsilyl group is indicated. These results indicate the difficulty of 
interpreting the spectra of cyclobutanes and although the NMR spectra 
of the 1,l-adducts of reaction (15) indicate that addition is cis to the 
double bond, this is by no means certain (82) .  

V. Coordination Complexes 

The complexing abilities of ditertiary arsines and phosphines such as 
(8) (diars) and (9) (diphos) have been much iwestigated (17,31,100,137, 
162). However, until recently analogs with unsaturated bridging groups 
such as ( lo) ,  which could conceivably also use their double bond in 
complex formation, were unknown and unstudied. Several groups are 
now working in this area (1 ,  10, 117, 118, 151, 159). The fluoroalicyclic 
bridged ditertiary arsines and phosphines (11) and their unsymmetrical 
analogs (12) whose preparations have been described in Section II ,C,2 
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also have an unsaturated bridging group. Other interesting features of 
these molecules are the electronegative bridging groups which could 
enhance any n-acceptor propert,ies of the ligands (54 ,  loo),* and the 
possibility of varying the “bite” of the ligand, i.e., the direct donor-to- 
donor distance, by varying the ring size. 

The fluorocarbon bridged Iigands (11) and (12) interact with metal 
halides and metal carbonyls to give a variety of products in which the 
ligand is monoligate, biligate, triligate, or even rearranged, and these 
complexes are described in the next sections. It should be pointed out 
that where more extensive studies have been made the products actually 
isolated are very dependent on the reaction conditions. Thus, the 
reaction of f,AsP (12a) with Fe(CO), at 80” yieldsf,AsPFe(CO),, a t  150’ 
f,AsPFe,(CO)G, and under ultraviolet irradiation f,AsPFe,(CO),. 
Reaction of the same ligand with Fe,(CO)l, yields as major 
products f,AsPFe,(CO) f,AsPFe,(CO) 9, and f,AsPFe,(CO) B, or 
(f,AsP),Fe,(CO), and (f,AsP),Fe(CO), depending on the ratio of 
reactants (40). 

A. MONOLIGATE COMPLEXES 

I n  spite of the presence of two potential donor atoms on the fluoro- 
carbon-bridged ligands (11) and (12) and their similarity to the hydro- 
carbon-bridged analogs (8) and (9), there is a surprising tendency of some 
of the former class to yield complexes in which they are monoligate. 

* This makes the assumption that in a coordination complex the bond between 
the phosphorus (or arsenic) atom and the iiietal has two components: (2) a sigma 
component arising froin donation of the lolie pair on the phosphorus (or arwnic) 
to a suitable acceptor rnetal orbital arid ( t t )  a synergic back donation from fil ld 
irietal orbitals (of mainly d character) into vacant orbitals of mainly d character 
on the donor atom. This back bonding concept is a useful inodel for rationalizing 
a number of results, although it is by no mean4 universally accepted (e.g. ,  2 ,  210, 
220) .  
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This is especially true for derivatives containing the cyclobutene ring 
and may be an indication that the bite of the ligand, which would be 
expected to be at maximum for the small ring and for compounds with 
(CH,),As groups because of the greater exocyclic angles and As-C bond 
distances, is such as to discourage chelation. However, as will be pointed 
out below, the bite of a ligand is very dependent on the type of complex 
formed and, hence, the geometry cannot be the only reason for the 
reluctance of, say, f,fars (11%) to chelate. 

When a petroleum ether solution of f,fars and Fe(C0)5 is irradiated 
with ultraviolet light, a yellow complex f,farsFe(CO), is obtained ( 7 4 ) .  
Mild reaction conditions also afford f,fosFe(CO),, f,AsPFe(CO),, and in 
low yield (f,AsP).,Fe(CO), and f,AsPFe(CO)4 (40 ,  72 ,  7 4 ) .  The (L-L)Fe- 
(CO),* derivatives have infrared spectra similar to the three-band 
pattern reported for compounds such as (C,H,),PFe(CO), (53), which is 
indicative of apical substitution in a trigonal bipyramid. The parent 
pentacarbonyl has this trigonal-bipyramidal structure (8, 101). In  the 
cases where (L-L) = f,fos, f4AsP, and f,AsP, the asymmetry of the 
ligand results in an overall C, symmetry for the molecule and an extra 
band appears presumably because of splitting of the E mode in a CBU 
spectrum (74 ) .  In the case of f,AsPFe(CO)4 it is apparent that  it is the 
phosphine end of the molecule that is coordinated, since the NMR 
spectrum of the complex shows that the chemical shift of the (CH,),As 
moiety is virtually unaltered on complexing. The free ligand has an 
absorption a t  1.33 ppm and the complex at 1.25 ppm. t If coordination 
through the arsenic occurred the resonance would shift downfield by 
-0.5 pprn (10, 74 ,  176).  This is seen in the spectrum of f,farsFe(CO),, 
where the free ligand absorbs at 1.36 ppm and the complex at 1.44 ppm 
[the “free” (CH3),As group] and 1.90 ppm. Similar considerations indi- 
cate that  f,AsPFe(CO), is P-bonded as is (f,AsP),Fe(CO)s. The infrared 
spectrum of the latter compound can be interpreted in terms of a tri- 
gonal-bipyramidal structure with two apical phosphine substituents 
(40 ,  53) .  

A recent X-ray study of f4AsPFe(CO)4 (109) confirms that its struc- 
ture is as shown in (13) with the ligand coordinated through the phos- 
phorus atom. There is no significant difference between axial and equa- 
torial iron-carbon bond lengths [1.74(2) A] and the iron atom is dis- 

* In this account (L-L) reprewilts a ditertiary arsine or  phosphirie such as 
(11) a n d ,  when appropriate, a mixed ligand such as (12). 

t In this chapter NMR chemical shifts are given in ppm downfield from internal 
TMS. Mdssbauer parameters are derived from spectra run at 8O0K. Isomer shifts, 
6, and quadrupole splittirigs, A ,  are quoted in mni sec-1. Isomer shifts for iron 
compounds are given relative to sodium nitroprussitle. 
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placed 0.025 A from the plane of the equatorial groups toward the axial 
carbonyl group. 

The Mossbauer spectra of these and related five-coordinate iron 
complexes consist of a widely split quadrupole doublet as expected for a 
single iron atom in a noncubic field (134 ,215) .  At 80°K the isomer shifts 
of these compounds lie in the narrow range of 6 = 0.16-0.23 mm sec-' 
and the quadrupole splittings, d, lie in the range 2.12-2.83 mm sec-'. 
The compounds with (CH,)?As groups coordinating show greater shifts 
than those containing (C6H,),P indicating that phosphorus is a better 
7r acceptor than arsenic. As a result the spectrum of f4AsPFe2(CO)8, (18), 
shows two doublets (FeA, 6 = 0.21, A = 2.83;  FeB, 6 = 0.19, A = 2.18 
mm sec-') and the one with the greater isomer shift, FeA, can be assigned 
to the iron atom bonded to the arsenic atom ( 4 0 ) .  

Triosmium dodecarbonyl (14) (M = Os), like its ruthenium analog 
(IGd), has a triangular arrangement of osmium atoms with each metal 
atom approximately octahedrally coordinated by four carbonyl groups 
and the other two osmium atoms ( 5 1 ) .  The stability of the M,(CO),2 
skeleton increases in the series M = Fe < Ru < Os,* and a number of 
derivatives are known in which a carbonyl group has been replaced 

oc &) 
(14) 

by a tertiary phosphine or arsine without rupture of the Os, skeleton 
(97). Both yellow f , f ~ s O s , ( C O ) ~ ~  and f8fosOs3(CO)ll are obtained 

* Fea(C0)12 has a different structmre with bridging carbonyl groups (20) (212). 
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under vigorous conditions by displacement of one, presumably equa- 
torial, carbonyl group (55) .  

The ditertiary phosphine diphos (9) reacts with (n-C,H,)Fe(CO), 
Sn(CH,), under ultraviolet irradiation with displacement of both car- 
bony1 groups (152).  Under similar conditions f,fos displaces only one 
carbonyl group from the same compound and its triphenyltin analog 
(84) .  

hv 
(n-CsHa)Fe(CO)z-SnRa + fefoa - (n-CaH6)Fe(CO)(fafos)-SnRs (68) 

R = CHs, CsH5 

The solid state structure of the trimethyltin compound is shown in Fig. 1 

FIG. 1 .  The structure of (n-C5H~)Fe(CO)(f~fos)Sn(CH3)9. (112). 

(112) ,  although rotamers appear to  be present in solutions of this type 
of derivative (152) [see also (23, 247)]. The ligand is clearly monodentate 
with a P---P separation of 3.60(1) A. The fluorocarbon ring is in an 
envelope conformation and the coordination is approximately tetra- 
hedral round the tin atom, and octahedral round the iron assuming that 
the n-C,H5 ring occupies three coordination sites. The Fe-Sn distance 
of 2.562(4) A is not significantly different from the sum of the covalent 
radii, although assigning radii to metals in low oxidation states is a 
hazardous undertaking, and the conclusion can be made that there is 
little n-character to the metal-metal bond. This same conclusion has 
been reached from X-ray studies on the parent molecules (n-C6H6)-  
Fe(C0)2SnR, (29, 132, 133) and from spectroscopic studies on their 
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derivatives (85) (see also 119). It should be pointed out that  many 
workers favor a x-bonded model for metal-metal bonds especially 
those involving the lighter Group I V  elements (e.g. 13). 

B. BILIGATE MONOMETALLIC (CHELATE) COMPLEXES 
1. Chelate Complexes Derived from the Group V I  Hexacarbonyls 

The reaction of the Group V I  hexscarbonyls, or their derivatives, 
with ditertiary arsines and phosphines to give the compounds 
(L-L)M(CO), has been the subject of many investigations (31,100). The 
fluorocarbon-bridged ligands also give complexes of the same stoiehio- 
metry (59, 68, 70). The complete series f,fosM(CO), is known for n = 2 ,  
4, or 6 and M = Cr, Mo, or W in addition to f,farsM(C0)4, where M = Cr 
or Mo. As usual, the tungsteii compounds require more forcing condi- 
tions for their preparation. An interesting feature of the complexes 
f,fosM(C‘O)4 is their ability to form solvates of formula f,fosM(CO),.&S, 
where S = benzene, cyclohexane, or chloroform, and where the solvent 
is quite strongly held. One of the main reasons for preparing these 
compounds was to study their carbonyl infrared spectra and the following 
conclusions have been made. 

(i) Since the spectra of diphosM(CO), and c~s-(C,H,)~PCH=CHP- 
(CBH5)2M(C0)4 are similar, the electronegative >c=c< group with its 
sp2-hybridized carbon atoms has little effect on the donor-acceptor 
properties of the ligand. 

(ii) Since the spectra of f,fosM(C’O), are approximately the same for 
a given M, differences in properties of the f,fos ligands are mainly due to 
geometric rather than electronic effects. 

(iii) Since the spectra of the f,fos complexes have bands at higher 
wavenumber than those of the diphos complexes, the electronegative 
bridging groups cause the phosphorus atoms to be better rr acceptors 
(or worse u donors). 

In addition, the spectra of the f,fos complexes have one band more 
than expected for a molecule with C’”, symmetry. This has been ex- 
plained as follows (70). The complex f6fosM(C0)4 contains two five- 
membered rings which will be puckered (see Figs. 1 and 2) )  and it is 
possible that the combination of these two rings would give rise to two 
distinct isomers [“chair” and “boat” (105)l which could have a long 
enough lifetime in solution to be detected by infrared spectroscopy. 
The lifetime of any one isomer must be short since the l9F NMR spectrum 
of the complex is almost identical with that of the free ligand.* An 
“extra” band is also seen in the spectrum of f,fosFe(CO), (74). 

* Thc NMR spectra indicate that thcb ligands are cholatcd. 
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2. Chelate Complexes Derived from Manganese and Rhenium Garbonyls 

Dimanganese decacarbonyl and f4fos interact to give a complex which 
is probably best formulated as (CO),Mn-Mn(CO),f,fos with the ligand 
chelated to one manganese atom (59) .  However, an alternative formula- 
tion involving ligand cleavage is possible (cf. Fig. 11 and Section V,E). 
The chelated carbonyl halide derivatives f,farsM(CO),X have also been 
synthesized. I n  the case of the iodides these were obtained by warming 
the biligate bimetallic complexes f,fars[M(CO),I], (see Section V,C,2). 
This reaction involves considerable redistribution of ligands and is 
rather surprising in view of the usual reluctance of f4fars to chelate. 

3. Chelate Complexes Derived from Iron and Ruthenium Carbonyls 

Chelate complexes of formula (L-L)Fe(CO), [ ( L L )  = f4fos’, f,fos, 
f8fos, f,AsP, f,AsP] are obtained from most reactions involving iron 
carbonyls and the fluorocarbon-bridged ligands (40, 72,  7 4 ) .  Similar 
compounds are obtained from diars and diphos (73). The NMR spectra 
of these complexes indicate that the symmetry of the ligands is unaltered 
on complexing which suggests a Czv structure with the ligand occupying 
two equatorial positions of a trigonal bipyramid. Thus, the LFe-L 
angle would be about 120” on a rigid model. It is apparent from the 
structures that have been determined that this angle should be closer to 
90’ (105, 139). Indeed the structure of f,fosFe(’NO), (16) (139) is con- 
siderably distorted from one with tetrahedral angles round the iron atom 
(wide infra). Thus, geometrical requirements seem to favor aplical-equa- 
torial substitution, and this is the structure found in an X-ray investi- 
gation of diarsFe(CO), (22) .  If this were the structure of diarsFe(CO), 
in solution then two arsenic-methyl environments would be seen 
in the NMR spectrum. However, the spectrum is a singlet in the As-CH, 
region down to -80°C which suggests that this molecule and the related 
(L-L)Fe(CO), compounds are undergoing positional exchange ( 1 4 , 1 7 2 ) ,  
probably by the “turnstile” mechanism (209), where the ligands (L-L) 
rotate so as to exchange axial and equatorial arsenic atoms. 

It is significant that f4fars does not form the chelate complex 
f,farsFe(CO), even though the closely related ligands (15) (R = CF,) and 
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f,AsP do (40, 61) .  This suggests that geometric factors may be opera- 
ting especially since in the phosphine series the ease of formation of 
f,fosFe(CO)s increases as n increases (using yields obtained under 
comparable conditions as indicators) (72) .  

The corresponding complexes of ruthenium are known for f,fos and 
f,fos. They have similar properties to the iron analogs, but are less 
stable (71) .  Osmium analogs are unknown (55).  

Reaction of f,fars with iron dicarbonyl dinitrosyl results in displace- 
ment of only one carbonyl group even though other ligands give the 
chelate f , f~sFe(NO)~ complexes (n = 4, 6, or 8) in good yield (58) .  The 
Mossbauer spectra of these Fe-2, d'O derivatives, show little variation 
in 6(Fe) with ligand, and point charge calculations indicate that the 
ligand strength of f,fos is approximately the same as triphenylphosphine 
(58).  The crystal structure of f,fosFe(NO)., shows some interesting 
features (16) (139). The ligand is in an envelope conformation, although 
here again this is not seen in the solution "F NMR spectrum. The 
nitrosyl groups are linear, but the P-Fe-P angle is only 87", whereas the 
N-Fe-N angle is 125". Thus, the ligand seems to prefer to chelate with a 
P-Fe-P angle of -90". The bite of the ligand is 3.084(3) A which will be 
discussed later. Mingos and Ibers (171) have recently reported the 
structure of the isoelectronic ion [(C,H,),P),Ir(NO),]+. Here there is a 
large angle (1  54') between nonlinear nitrosyl groups. 

The "folded book" structure of C O ~ ( C O ) ~  (204) is also found in the 
iron complexes [Fe(CO),SR], (91, 149). The compound with R = CH3 
exists as two isomers syn and anti depending on the orientation of the 
S-CH, groups in the bridge. Under mild conditions f,fos (n = 4, 8) 
displaces two carbonyl groups from the syn/anti mixture to yield 
products which have two different iron environments (57). The Mossbauer 
spectra indicate that one iron atom is little changed from the parent 
molecule, but the other is increased in isomer shift considerably (Table I) ,  
so i t  is probable that the ditertiary phosphines are chelated. The chemical 
shift difference between the two 8-methyl resonances in the NMR 
spectrum indicates that the products have the anti S-methyl arrange- 
ment. The structure proposed for the f,fos derivative is (17). 
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TABLE I 

SPECTROSCOPIO DATA BOR SOME [Fe(C0)3SCH3]2 DERIVATIVE@ 

Compound 

Mossbauer 
NMR 

6(Fe) d(Fe) a(S-CH3) 

unti-[Fe(CO)sSCH3]2 0.29 0.88 1.61, 2.12 

anti-[Fe~(CO)5(SCH3)2P(CaHs)(CH3)2] 0.28 1.15 1.12, 1.80 
0.29 1.70 

f4fos[ Fe (CO ) zSCH~] 2b 0.33 1.01 - 

f4fars[Fe(CO)zSCH3]2b 0.36 1.08 1.57, 1.71 

f4fos[Fe(CO)zSCH3]zc 0.28 1.14 0.85, 1.80 
0.40 0.47 - 

a See footnote on p. 348. 
b The ligand is bridging. 

c The ligand is chelating. 

Equatorial-axial substitution is more likely because monosubstitution 
by C6H5P(CH3)z leads to a compound apparently with a plane of 
symmetry since the NMR spectrum shows that the P-methyl groups are 
equivalent (57). The carbonyl infrared spectra of these f,fos derivatives 
are similar to that of the diphos complex which is also believed to be 
chelated (96). 
4 .  Chelate Complexes Derived from [Rh(CO),Cl], and Other Metal Halides 

Reaction of the ditertiary phosphines f,fos(n = 4,6)  with the chlorine- 
bridged dimer [Rh(CO),Cl], yields a product which can be regarded as 
the result of unsymmetrical cleavage of the dimer (83) .  A 1 :4  ratio of 
reactants affords [(f,fo~)~Rh]+Cl- and in this case n = 4, 6, or 8. 

+ 
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Similar products are obtained by reaction of other hydrocarbon- 
bridged ditertiary arsines and phosphines such as (10) (159),  but diphos 
behaves differently (142, 192). The structures of the anion and cation 
products of reaction (59) were first proposed on the basis of their spectro- 
scopic properties, and were later verified by an X-ray investigation (105).  
The structure of the cation [(fOfos),Rh]+ is shown in Fig. 2. Like the anion 
the cation has approximately the square-planar geometry around the 
central atom expected for a Rh' ( d 6 )  derivative. The cation is actually 
twisted slightly so that it is not superimposable on its mirror image. 
This twisting probably occurs to accommodate the anion which lies 
perpendicular to the plane of the cation with the two cis chlorine atoms 
closer to two trans phosphorus atoms in the cation. A similar structure 
has been found for the cation [(diphos),Rh]+ (135).  

FIQ. 2. The structure of [(fsfos)zRh] + (105) .  

The bite of the ligand in Fig. 2 is 3.1 1 1 (8 )  A which is considerably 
shorter than that found when the same ligand is monodentate (112) 
(Fig. 1 )  but is similar to that found for f,fosFe(NO),, 3.084(3) A (139).  
These results show that the bite of a ligand can be very much dependent 
on the bonding situation and, hence, caution is needed when the concept 
is being used to rationa.lize chemical results. 

One of the features of Rh' derivatives is their ability to undergo 
oxidative addition (49) .  The electronegative bridging groups of 
[(f,fo~)~Rh]+ seem to inhibit this reaction and hydrogen chloride has 
been successfully added only to  [(f,fos),Rh]+ (83) .  

Hydrocarbon-bridged ligands such as diars (8) have the ability to  
form chelate complexes with a wide variety of metals in a variety of 
oxidation states (31, 100, 137, 162). In  preliminary investigations 
(68, 69, 99) it has been found that the fluorocarbon-bridged ligands are 
reluctant to react with salts of the first-row transition metals. Although 
compounds of formula diarsMX, (M = Zn, Cd, or Hg) are well established 
(157),  only the HgCl, derivative is known for f,fars and f,fos. Other 
chelate complexes of the heavier metals have been isolated including 
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f,farsPdCl, and (f4fars),RhC1,. The reaction of both f4fos and f4fars 
with Pt" derivatives is complex and seems to  resemble the behavior 
of the related ligand (15) (R = H) which gives bridged complexes (9 ) .  

C. BILIGATE BIMETALLIC COMPLEXES 

I n  these complexes the ditertiary arsine or phosphine is acting in a 
bridging bis-monoligate fashion. 

1. Bridging Two Atoms not Otherwise Connected 
When a solution of f,fars and an iron carbonyl is irradiated with 

ultra-violet light, one of the products is f,far~Fe,(CO)~ (72, 7 4 ) .  Similar 
conditions produce f,AsPFe,(CO), (40) and the analogous complexes 
of diars and diphos are known (73). There are numerous examples 
in the literature where it has been postulated that a ligand bridges 
two metal carbonyl moieties and this is the confirmed structure of 
diars [(T-CH ,C,H,)Mn(CO),], ( 1 1 ) .  The spectroscopic properties of 
these Fe,(CO), derivatives are compatible with bridged structures 
similar to that shown for f,AsPFe,(CO), (18) with substitution taking 
place in the apical position. Again these complexes are almost certainly 
not rigid in solution (see also Sections V,A and B above). 

When f,fars is treated with [Rh(CO),Cl],, a red complex is obtained 
(83) which has been assigned the structure (19) on the basis of its spectro- 
scopic properties and its similarity to the previously known compounds 

Fz Fa - 
FznFa 

[(C~H,),ECHzE(C6H,),Rh(CO)Cl], (158, 159). It is worth noting that 
f,,fos ligands give chelate complexes under the same conditions as in 
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reaction (59). Thus, changing the donor atoms is sufficient to change the 
type of product. It had been suggested (159) that the length of the 
bridging chain in the ligands (C6H,),P(CH2)nP(C6H,)z determines 
whether the complexes would be bridged or chelated. 

2. Bridging Two Atoms Otherwise Connected 
Most reactions of Fe,(CO)lz involve rupture of the basic skeleton (20) 

(212).* However, some monodentate ligands have been found to  displace 
one or more carbonyl groups from the basic skeleton. Examples include 
(C,H,),PFe,(CO) 11 ( 4 , 9 2 ,  93) and (C,H 5P( CH 3)2)3Fe3(C0)0 (166), where 
the ligands are equatorial, i.e., they lie in the Fe, plane. Irradiation of a 
mixture of f,fars and Fe3(CO)12 yields f,far~Fe,(CO)~,, in low yield (72,  
76). The spectroscopic properties of this molecule, singlet lH and 19F 
NMR resonances, and simple infrared spectrum in the carbonyl stretch- 
ing region indicate a symmetrical structure. The Mossbauer spectrum 
shown in Fig. 3 is very similar to that of Fe,(CO)lz. The centre peak 
associated with the unique FeA atom (20) (approximately octahedrally 
coordinated and therefore unsplit) is little changed in the complex. The 
two outer peaks arising because of quadrupole splitting o f  the absorption 
due to the two equivalent Fee atoms are slightly shifted to more positive 
velocities suggesting that the ligand has displaced a terminal carbonyl 
group from each FeB. This structure (21) was subsequently confirmed 
by a11 X-ray investigation (188). The f,fars ligand in the solid state is not 
quite coplanar with the Fe, triangle, but presumably it is in solution to 
account for the spectroscopic properties. Otherwise, the Fe, fragment 
is little altered from that of the parent Fe3(CO)1.). It should be noted that 
bands in the bridging casbonyl stretching region of the infrared spectrum 
of f,farsFe,(CO),, are weak, just as are those of Fe,(C0)12 itself. Thus, 

* The structure in solution is subject to debate (76, 183, 212) .  
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DOPPLER VELOCITY ( MM SEC-' ) 

FIG. 3. The Mossbauer spectra at 80°K of (a) Fe~(C0)lz and (b) f4farsFe3(CO)lo. 

it is not necessary to postulate a different structure in solution for 
Fe3(C0)12 to explain the low intensity. The only similar complex so far 
isolated is f4AsPFe,(CO),,, which is formed in high yield (87%) when 
f4AsP and Fe,(CO)12 are refluxed in cyclohexane solution for 45 min 
(40) .  Its  spectroscopic properties are very similar to  those of 
f4farsFe3(CO)lo. There is probably a connection between the formation 
of a (L-L)Fe3(CO)lo derivative and the reluctance of (L-L) to form the 
chelate complexes (L-L)Fe(CO), (see Section V,B). 

The structures of R U , ( C O ) ~ ~  and Os,(CO)12 contain no bridging 
carbonyl groups (14) and their stability is greater than that of Fe,(C0)12. 
Consequently it is not surprising to find that both f,fars and f,fos react 
with R U ~ ( C O ) ~ ~  to afford red (L-L)R,U,(CO)~, complexes ion ultraviolet 
irradiation (71 ) .  More vigorous conditions (cyclohexane reflux) give 
(L-L)2Ru,(CO)8. It may be significant that f,fos which seems to be a 
better chelating ligand, does not form any Ru, complexes. No complex 
was isolated when f4fars was treated with OS,(CO)~~ presumably 
because of the vigorous reaction conditions needed ; however, f4fos gave 
f4fosOs3(CO),, and ' (f4fos)20s3(CO)R (55). The carbonyl infrared 
spectra of the Os, complexes are very similar to  those of the correspond- 
ing Ru, derivatives and, hence, they are probably isostructural. The 
spectroscopic properties of f4farsRu,(CO)lo suggested that the molecule 
has high symmetry and a ligand-bridged structure was proposed which 
was subsequently verified by X-ray studies (189). A similar bridged 
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structure was proposed and found for (f,fars)2Ru,(CO)8 (190) (Fig. 4). 
The ruthenium triangle is maintained in both Ru, structures, but 
equatorial substitution by the arsine distorts the molecule considerably 
in the solid. The solution spectroscopic properties indicate higher 
symmetry and, thus, the molecule is either flexing in solution or the 
distortion is due to crystal packing. It is interesting that in both struc- 
tures the Ru-Ru bonds which involve ruthenium atoms with the 
greatest number of carbonyl groups are shorter than the others. Thus, in 
f,farsRu,(CO),, there are two bonds of length 2.83113) A and one 

F 

FIG. 4. The structure of (f4fars)zRus(CO) 8 (190) .  

(the bridged one) of length 2.856(6) 8,  while in the RU,(CO)~ derivative 
one Ru-Ru bond is 2.785(4) A and the other two bridgedones are 2.853(3) 
A. This can be asoribed to  replacing a carbonyl group by a poorer r 
acceptor. 

It is well established that dicobalt octacarbonyl exists in solution as 
an equilibrium mixture (approximately 1 : 1) of carbonyl bridged and 
nonbridged forms (18, 175). The bridged structure is found in the solid 
state (204).  Many tertiary phosphine and arsine derivatives show this 
same tendency (31) ; however, some, e.g., [(C,H,),PCo(CO),],, exist in 
solution and the solid state in the nonbridged form (146). The ligands 
f,fars, f,AsP, and f,fos, (n = 4, 6, or 8) react easily with dicobalt octa- 
carbonyl to displace two moles of carbon monoxide and give com- 
plexes of formula (L-T,)CO~(CO)~ (56) .  The carbonyl infrared spectra 
of these complexes are simple, and show the presence of bridging car- 
bony1 groups. Two types of spectra are obtained. In  the f,fars, f,AsP, 
and f,fos derivatives the two frequencies associated with the bridging 
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carbonyl groups are separated by -56 cm-l; in the f,fos and f8fos 
derivatives the frequency difference is much smaller (-12 cm-l). These 
results lead to the suggestion that the f,fars-type complexes were formed 
by displacement of two terminal carbonyl groups; one from each cobalt 
atom as shown in Fig. 5 .  Indeed, this is the X-ray determined structure of 
f,far~Co,(CO)~ ( l a @ ,  and the same structure is assumed for the f,fos 
and f,AsP analogs. The f6fos and f8fos derivatives are believed to have a 
similar bridged structure, only here the ligand is situated trans to the 
Co-Co bond so that the bridging and terminal carbonyl groups are cis 
to the ligand which would account for the similarity of the asymmetric 
and symmetric bridging carbonyl stretching frequencies. 

Similar bridged products are obtained when the acetylene-bridged 
complex CO,(CO)~C~H,C~CH is treated with f,fars and f,fos. 

Under xylene reflux f,fos and f,fars react with the syn/anti mixture 
of [Fe(C0),SCH,l2 to  give (L-L)[Fe(CO),SCH3l2 (57). The Mossbauer 
spectra of the products (see Table 1) indicate that the two iron atoms are 
equivalent and that they are monosubstituted. The NMR spectrum 
shows that the As-CH, groups of the f,fars complex are inequivalent 
and the S-methyl groups have chemical shifts characteristic of the 
syn isomer. Therefore, the bridged structure (22) is proposed for 
these molecules whose infrared spectra are very similar to that of 
( C6H5) 2PCH2P(C6H5)2[Fe(CO)2SCH3]2, which is also believed to be 
bridged (96). 

2H3 

CH3 

CH3 Fz l7 Fa 

(22) 

It is interesting to note that ~ , ~ O S [ F ~ ( C O ) ~ S C H ~ ] ~  also exists as a 
chelated isomer (see Section V,B) and this is one of the two instances 
where a ligand gives isomers whose structure depends on whether it is 
bridged or chelated. The other example is afforded by the compound 
(f,AsP),Fe,(CO), (40) ,  which is a derivative of f , A ~ P F e , ( c o ) ~  (cf. 
Fig. 9 and Section V,D) in which the second ligand bridges the two Fe 
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atoms or is chelated to one iron atom (Fe*). The bridged isomer is 
obtained by reacting excess f,AsP with Fe3(C0)12 or by irradiating a 
mixture of f,AsPFe,(CO), and f,AsP. The latter method also gives the 
chelated isomer (40, 108). A related complex (f,AsP)(f,AsP)Fe,(CO),, 
obtained from f,AsPFe,(CO),, seems to exist only in the bridged form. 

The cobalt clusters RCCo,(CO), (R = CH,, CF,), which are not car- 
bony1 bridged in the solid state (205), react with f,fars to give the 
substitution product f,far~CH,CCo,(C0)~ and the rearranged product 
f,farsCo,(CO)w (56) ,  respectively (the fate of the fluorocarbon residue is 

FIG. 5 .  The structure of f4fitrsCoz(CO) 6 (140)  

unknown). The bridging carbonyl groups seen in the solution infrared 
spectrum are present in the solid state structure of f,farsCH 3CCo3(CO)7 
(Fig. 6 )  (106). However, the bridging carbonyl groups present in solutions 
of the C O ~ ( C O ) ~  complex are absent in the solid state (Fig. 7 )  (107). The 
skeleton of the latter structure is similar to that of Ir,(CO)12 (214) ,  but 
both CO,(C'O)~.) and Rh,(CO)12 are carbonyl-bridged in the solid state (52, 
213). Some terminal carbonyl groups of (f,fars),Co,(CO)w are weakly 
interacting with adjacent cobalt atoms. This feature has been found in a 
number of structures determined recently (e.g., 41) .  

In the known structure of CH,CCO,(('O)~P(C~H,), (25)  the phosphine 
has displaced an equatorial carbonyl group (with respect to the CO, 
plane) and the complex is unbridged like the parent CH,CCo,(CO),. 
However, bridging carbonyl groups are present in solutions of this 
phosphine derivative. In  the structure shown in Fig. 6 the ligand has 
displaced two carbonyl groups from axial positions. 
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Under mild conditions f,fars, f,fars, and f,fos react with M2(C0)10 
(M = Mn, Re) to give bridged derivatives such as f4farsMnz(CO)8 (59, 
78). Other hydrocarbon-bridged bidentate ligands apparently afford 
chelate complexes (L-L)M(CO), or (L-L)M,(CO), (141, 191). The 
spectroscopic properties of the f,fars derivative are in agreement with the 
solid state structure (Fig. 8) (60). Here the Mn-Mn bond is longer than in 

FIG. 6.  The structure of f4farsCH&Co~(CO) 7 (206). 

0 i”’ 

F\ c 
F I 

H36 

FIG. 7. The structure of (f4fars)zCo4(CO)e (107). 



FLUOROALICYCLIC DERIVATIVES OF METALS AND METALLOIDS 363 

the parent carbonyl (90). The carbonyl groups are staggered. Reaction 
of the bridged (L-L)Mn,(CO)8 (59, 78)  derivatives with iodine results 
in easy cleavage of the M-M bond and the bridged derivatives ( L L ) -  
[Mn(CO)aI], are obtained. The structure has been confirmed in the case 
of t h e  f,fars compound; the two Mn(CO),I moieties which are coordi- 
nated to separate -As(CH,), groups lie on opposite sides of the cyclo- 
butene plane. The iodine atoms are cis to the arsenic (60). 

/ 
0 1 T R 3  \ 

\ F 

CH3 

FIG. 8. The structure of fdfarsMnz(C0)a (60) .  

D. TRILIGATE BIMETALLIC COMPLEXES 

Ligands such as (10) and (15) with unsaturated bridging groups can, 
in principle, act as triligate groups by donating electron pairs from the 
two Group V atoms and the double bond. In  practice this is realized only 
when the ligand is fluorocarbon-bridged, although not necessarily fluoro- 
alicyclic since the complex (L-L)Fe2(CO)6 where (L-L) = (15) (R = CF,) 
is of this type (61) .  The first complex in this class, f4farsFe,(CO)6, had 
its crystal structure determined by accident [it was believed to be 
f,farsFe(CO), (99)J. The result is seen in Fig. 9 (113). One iron atom FeA 
is approximately octahedrally coordinated by two arsenic atoms and 
three carbonyl groups; the other by the double bond of  the cyclobutene 
group, by three carbonyl groups, and by FeA which is acting as a donor. 
Thus, the coordination around FeB can be regarded as either a distorted 
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0 

CH, 

FIG. 9. The structure of f4farsFez(CO)a (113) .  

trigonal bipyramid with the double bond occupying one site or a distort- 
ed octahedron with the two carbon atoms occupying two sites.* I n  
any case the symmetry of FeB is lower than that of FeA. 

This compound was eventually isolated and characterized from the 
reaction of f,fars with Fe,(C0)12 (75), which has proven to be the best 
way of preparing the other complexes (L-L)Fe,(CO)6 [(L-L) = f,fos, 
f,,fos (75) ,  f,AsP, f,,AsP ( 4 0 ) ,  f,,fars, f,fars ( 6 4 ) ] .  It is probably significant 
that in f,farsFe,(CO), (Fig. 9) the bonding of the double bond of the 
cyclobutene ring to FeB allows the bite of the ligand to decrease enough 
for both arsenic atoms to coordinate to one iron atom (cf. the non- 
existence of f,farsFe(CO)3, Section V,B). A feature of the preparation 
of the f,fos and f,AsP compounds is that the yields decrease as the ring 
size is increased (compounds with n = 8 are unknown), which was taken 
as an indication that as the ring became less strained there was less 
tendency for the double bond to coordinate to FeB. However, the prep- 
aration of f,fars and f,fars derivatives in good yield (64) suggests that 
ring strain is not the only factor and that possibly steric hindrance 
plays some part. Similar compounds are obtained from R U , ( C O ) ~ ~  
(71) for f,fars, f,fos, and f,fos and from O S , ( C O ) ~ ~  (55) for f4fos. 

Of all the types of complexes formed between the Group VII I  
carbonyls and the fluorocarbon ligands the series f,fosM2(CO)6 is the 
only complete one for M = Fe, Ru, or 0s. Their ease of preparation 
decreases in the order M = Fe > R u  > Os, which is expected in view of 
the stability of the parent M,(C0)12 species. The spectroscopic properties 

* See the  footnote on p. 323. 
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of all these compounds are very similar and, hence, they all have the 
same basic structure (55) .  

The iron complexes have been most investigated and it has been 
found that the Mossbauer spectrum of, for example, f , f a r ~ F e ~ ( C O ) ~ ,  
consists of two doublets which can be assigned mainly on the basis of 
symmetry around the Fe atoms. The parameters are listed in Table I1 

TABLE I1 

MOSSBAUER PARAMETERS FOE (L-L)Fee(CO)o AND REL.4TED COMPLEXESa 

Complexes 6(Ff?) d(Fe) Assignmenth 

0.28 
0.32 

0.23 
0.32 

0.27 
0.31 

0.36 
0.30 

0.36 
0.36 

0.50 
0.28 

0.64 
1.44 

0.66 
1.30 

0.83 
1.45 

0.56 
1.38 

1.21 
1.21 

0.61 
1.07 

See footnote on p. 348. 
See Fig. 9. 
The Iigantl IS bridging. 

d The ligand IS chclating (108) .  

(40,  75). Note that FeA, the more symmetrical, has a lower quadrupole 
splitting than FeB, and that the isomer shift of FeA is less than that of 
FeB indicating that the s electron density a t  FeA is greater than FeB. 
Also note that, replacement of a (CH:,),As group by a (CfiH5),P group 
causes a decrease in isomer shift at FeA, presumably clue to the better 
n-acceptor properties of the phosphorus-containing moiety, and that 
when f,fos is replaced by f4AsP only FeA changes. 

Also listed in Table I1 itre parameters for some derivatives of 
(L-L)Fe2(CO)fi. These are obtained as follows, where (L-L)’ can be 
bridging or chelating. 

(60) 
acetone 

hv 
(L-L)Fez(CO)e + (L-L)’ ------+ (L-L)’(L-L)FeZ(CO)d 
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Monosubstitution by (CRH5)3P apparently takes place on FeA as judged 
by the increase in G(FeA). When (L-L)’ is a bridging ligand, only a two 
line spectrum is obtained and the isomer shifts of both FeA and FeB are 
thus essentially the same although increased over those of the un- 
substituted complex. 

E . DECOMPOSITION PRODUCTS OF COORDINATION COMPLEXES 
When fifarsFe3(CO),o (21) is heated in cyclohexane solution, the 

major product is a compound of formula f,farsFe,(CO),. On further 

P 

FIG. 10. The structure of f,farsFe3(CO)e (111) .  

heating, this loses its fluorocarbon group to ~ ~ ~ ~ ~ A S ~ ( C H , ) ~ C H ~ F ~ , ( C O ) ~  
(76). The spectroscopic properties of the first Fe,(CO)g derivative indicate 
that the molecule has little symmetry. The X-ray determined structure 
shown in Fig. 10 (111) indicates that an A s ( C H ~ ) ~  moiety has been dis- 
placed from the ligand. The structure consists of four dissimilar iron 
atoms and one arsenic atom which form a distorted square plane. One 
FeA-FeB bond is very long, 2.917(5) A. The cyclobutene “double bond” 
of length 1.44 A is situated 2.00 A from FeB. In f , f a r ~ F e ~ ( C O ) ~  (Fig. 9) 
the double bond has a length of 1.51 A and is situated 1.90 A from FeB, 
implying a stronger bond in this case. Rearrangement of the ligand also 
occurs when ~,AsPF~,(CO)~,, is heated to give the stable complex 
f,AsPFe,(CO), (40 ) .  The carbonyl infrared spectrum of this Fe,(CO), 
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derivative is very similar to that of the f,fars complex suggesting a 
similar structure. This has now been confirmed by an X-ray investiga- 
tion ( 1 0 8 ~ )  and the structure is essent>ially the same as in Fig. 9 except 
that a (C6H,),P group replaces the (CH,)2As group bonded to the cyclo- 
butene ring. 

Displacement of an As(CH,), group also occurs when f,farsMn,(CO), 
(Fig. 8) is refluxed in xylene solution. The isomeric product was first 
believed to have the ligand chelating rather than bridging ; however, 
the solid state structure is shown in Fig. 1 1 .  The two manganese atoms 

O ‘ C k  O, F 
I 

c’ \ 
0’ C 

\ 
0 

FIG. 1 1 .  The structure of the isomer of f*farsMnz(CO)s (cf. Fig. 8) (110). 

are approximately octahedrally coordinated and bridged by the dis- 
placed As(CH,), moiety (60, 78, 110) and again a transition metal- 
fluorocarbon bond is formed. Both isomers of the rhenium analogs 
(L-L)Re2(CO)8 [(L-L) = f4fars, f,fars] have also been isolated (60, 7 8 ) .  

Perhaps the most remarkable ligand transformation occurs when 
solutions containing f,farsCo,(CO), (Fig. 5 )  are heated. One unstable 
product has the formula f,farsCo,(CO), and is believed to have a struc- 
ture analogous to that of f,farsFe,(C”O),, (56) ; another, obtained in low 
yield has the empirical formula (f,fars),C‘o,(CO)y (2HZ). The structure is 
shown in Fig. 12 (110). The molecule has a twofold axis. Again (CH,),As 
groups have been displaced, but this time the cyclobutenc rings have 
united to form a bicyclobutyl system. The two carbonyl-bridged cobalt 
atoms are apparently one electron short of a “closed shell” configuration 
and it is possible that the sixth coordination position around each is 
occupied by a hydrogen atom. 
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FIa. 12. The structure of (f4fars)&o4(CO)e (2H?) (110). 

There are few examples of hydrocarbon ligands undergoing this 
type of modification on complex formation. However, this is not to say 
that they do not occur. Bosnich and co-workers (19) have described 
that a compound originally reported as [(diars),Ni][ClO,], is, in fact, 
[ (diars) ( triars)Ni][C104], {triars = CH,As[CBH ,As(CH,),-o],), where re- 
arrangement of diars has occurred. Reaction of diars with iron carbonyls 
also seems to result in fragmentation of the ligand (73). 
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