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Abstract—The preparation of alkyl and aryl #-cyclopentadienyl carbon monoxide or nitric oxid
compounds of Cr, Mo, W, and Fe is described. The methods involve the reaction of halides such ;
7-C:HCr(NO),I with Grignard reagents, the reaction of #-C,H;Mo{COQ),H with diazomethane o
the reaction of sodium salts such as 7~C;H;Fe(CO);Na with alkyl or aryl halides. »and
‘The properties and infra-red spectra of the compounds, and high-resolution nuclear magnet;
resonance spectra of some of these and other cyclopentadieny! compounds are given. st
The structure, stabilities, and some reactions of the alkyl, aryl, and s-cyclopentadienyl derivativ
anchLf the =-cyclopentadienyl-tricarbon monoxide hydrides of Cr, Mo, and W are discussed e
e compound w-C;HMo(CO),NO, the hali x 5 con
(,,,_cl,,Hﬁ)ETi](DCHS)E T degcrjb)éd_ alides #7-C,H . Mo(C0),X, and the methy] compeund

1. INTRODUCTION

THE number of well characterized organometallic compounds, that is to say com-
pounds with a metal-to carbon o-bond, of the transitional metals, is few,®®) Methyl
platinum derivatives are firmly established, and the work of HErMAN and NELSON‘IBJ?
conclusively showed the existence of aryl titanium compounds. Naphthyl derivatives
of cabalt have been reported, but require further characterization. The existence of
numerous “polyphenyl” chromium compounds, originally studied by HeiN, is certain
put itis not proved that there is a metal-to-carbon o-bond present in these compoundst
indeed, a new type of structure recently proposed for these chromium derivatives b);
ZEIsS gnd Tsutsur®® involves the direct bonding of a benzene nucleus fo the m‘eta]
atom in a manner analogous to that of the cyclopentadienyl ring in the now well-
known m-cyclopentadienyl metal compounds of which ferrocene is the prototype, and
would require the use of two m-electrons of the ring in metal-ring bondingiT

* -, . Tet H
S'W._}’:lgsl;:;tanadédress. Chemistry Department, Imperial College of Science and Technology, London

T Note added in proof—

Zriss and TsuTsur's proposal concerning the structures of HeN' i
support by the recent preparation of di(benz%nc) chromium, (CGII:IIE):ICSI',CE;IH]%?%H.dlilsl.?lilaic:l?dg\lx’cg'lmEong
(Z._Natwfa:;sck. 106, 665, 1955). This compound, which can be regarded as the parent com oilndAll":J]lgn
:w]nch Hnmfs compounds can in principle be derived, may be considered as electronicall aE'llo 0 l to
Terrocene, with two = electrons from each ring being inveived in the primary metal to rii y b:m(]l; liIS‘WcJ
‘z:nember_s ?,f the isoelectronic series C,H,*, C,H,~, C,H,, C,H,;+ have thus now been s]ijown tc'J form

sandwich” type compounds with transitional metals; the possibility that the first member can fo 0{; 1

compounds has been discussed by H. C. LoNnGUET-Hi1GGINS and L. E. OrRGEL (Chemical Socic; D‘Tm m‘%ﬁ
London, ];)ecelrnber 1055, see Chemistry and Industry, 153, 1956), whilst the possiblity that the }l’uﬁtl?rclgssll::e X
the tropyiium jon, can form sandwich-type compounds where a transition metal can be obtained in: ml .
with a formal negative charge, e.g., as in'C,H,Re(CO),, is currently being investigated o system

IStc::vnolz: E O-t]flfifER, S. HAFI;ER, and H. O. StauL Z. anorg. Chem. 282, 47 (1l956)

ould seem that the compound = CgHzCr(N 5 i i i i c i

I Ao the%resent -CHy (NO);CHj described in this paper is the anly chromium
Y (#) For complete references to the literature: see F. A. CotTon Chem. Reviews 55, 551 (1955). (5 D. F.

HerMan and W, K. NeLson J, Amer, Chem. Sec. 75,3877, 3882 (1953}, () H. H. ZErss and M. TsuTsul

Abstracts of Papers presented at the 126th meeting of th i i i
September 1954, p. 29-0; ¢f. also ref. (1a), p. 569. 8 ¢ American Chemical Society, New York,

104

.

UNERBEENLEE HENE LB NEERNHTBE

Alky! and aryl derivatives of w-cyciopentadienyl' compounds of Cr, Mo, W, and Fe~ 103

Recently, the preparations of mononuclear m-cyclopentadienyl carbon monoxide .
and nitric oxide metal halides,® % e.g. -CgHgFe(CO),ClL, m-CsH;Cr(NO),Cl, and
of the refated hydrides and the salts,*>® e.g. w-C;H;Cr(CO);H, 7-C5HFe(CO),Na,
have beet describod, ' '

[rom compounds of these types, by the preparative methods outlined below, we
nuve been able to prepare a number of compounds with a transitional metal-to-
curbon o-bond, ¢ m-CiHW(CO);CH,, m-CgHFe(COY,CHs, of considerable’
stability. Tn addition to the alkyl and aryl compounds, derivatives in which a cyclo-
pentadicnyt group i3 bound to the metal atom by a o-bond to a carbon atom have
peen charucterized, e.g. m-CaHCr(NO)oo-CyHs.

It The Grignard Method

The preparation of several compounds from- the w-cyclopentadienyl carbon
monoxide or nitric oxide metal halides by this classical method has been noted in
prelintinury communications,®: 7 ® e.g.  7C;H;Cr(NO),I + CH Mgl — a-CgHg-
Cr(NOYCH, 4 Mgl,, The method is not uniformly successful, and the yields of
the products depend very much on the natures of the reactants; thus, the action of
phenyl megnesium bromide on m-CsH;Mo(CO),I does not produce the corresponding
aryl, but instead gives a high yield of the binuclear compound mCsH;Mo(CO)g-
MomCyH; The ylelds of the Grignard reactions of w-cyclopentadienyl metal
halides wre gencrally somewhat erratic and the values recorded subsequently are only
approxinate,

The use of sodium cyclopentadienide in tetrahydrofuran as a reagent for the
propaeation of derivatives with a cyclopentadienyl ring o-bonded to a metal
wtom fulls, of course, in this class. The first reported use of this procedure, with
mCH Fo(C0),Br, was by HarLam and PAUSON,'® but the nature of the product,
mCy s (€Y yo-CyHyy was not appreciated by these authors. :

The Grignard procedure has also been used to prepare (m-CgHg), Ti(CHg), from

(meCy )y TIC Ly

(.2 Reaction of Diazo Compounds with Hydrides

The discovery of the m-cyclopentadienyl carbon monoxide hydrides of Cr, Mo,
and W, suggested that alkyl derivatives could be made by a reaction with diazo-
muthane or similar compounds, according to the equation, e.g. '

1-C L Mo(CO)H -+ CHoN, > m-CsHzMo(CO);CH, + N,

The preparation of 7-CyHsMo(CO),CH; by this method was reported in a
preliminary note, ™ while in a review article, E. O. FiscHER'® independently reported
the similar preparation of tungsten methyl and ethyl compounds; details of his work

S, Mg, F. AL CoTton, and G. WILKINSON J. Inorg. Nucl. Chem. 1, 165 (1955).

1
RS, B and G, WiLKinson ibid. 2, 38 (1956).
w l;}- 0. Fracurr and W. Harner Z. Naturforsch 10, 140 (1953).
0 [ 0. Piscuer Angew Chem. 6T, 475 (1933).
e “53 H Pivkr and G. WILKINSON Chenr, and Tnd. 41, 1296 (1955).
o B8, Preee and G. WiLkmNsoN Naturwiss. 42, 625 {1953).
o [0S, Pregn and G. WILKINSON ibid, 43, 15 (1956).

B. F. HiaLLAM and P. L. Pauson Chem. and Iad. 23, 653 (£933),




Preparations
petl” '&‘E« 72 All the preparations described below were carried out in a nitrogen atmosphere. Tetrahydro-
~7» #1 furan was purified before use by distillation in nitrogen over lithium aluminium hydride. We are |
“ &  deeply indebted to Dr. E. O. BrivM and the Linde Air Products Company, Tonawanda, N.Y ., for
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are not yet available.* Since we were unable to obtain high yields with molybdeny,,
this method of preparation of alkyls was abandoned in favour of Method 3.

1.3. Reaction of Alkyl and Aryl Halides with Sodium Salts of - yca’apemafﬁeny
Compounds

By the reaction of alkyl or aryl halides with the sodium salt of the m-cyclopengy.
dienyl metal derivative we have been able to prepare numerous alkyl and aryl
compounds of Cr, Mo, W, and Fe. The reactions, which are of the type:

m-CsHsFe(CO),Na -+ C,H,Il — o-CH Fe(CO),C,H; -+ Nal

in some cases give almost quantitative yields of the desired products. This procedure
potentially applicable for the preparation of compounds with o-bonds between
transitional element and elements other than carbon by use of suitable halides.*
The alkyl and aryl compounds described in this paper are listed in Table 1 together -
with the preparative method and the yield, the colours, and the melting-point of the -
compounds. ‘ ;
Whilst derivatives of chromium, molybdenum, tungsten, and iron have, so far, -
been prepared, there now seems to be no reason why similar derivatives of other-
transitional metals cannot be made. In fact, since all the alkyls and aryl compounds
obey the structural principles for mononuclear m-cyclopentadienyl compounds -
discussed previously,”® one can indeed expect that, provided the starting materials
suitable for use in the preparative procedures outlined above become available, as yet .
unmade compounds, e.g. w-C;HMn(NOYCO)CH,, should be reasonably stable, -
Some other w-cyclopentadienyl compounds prepared during the course of these
studies, e.g. 7-CsHMo(CO),NO, 7-C,H,Mo(C0),Cl, and some of the reactions of -
7-CyHzMo(CO),;H, are described in the experimental section.

2. EXPERIMENTAL

several gifts of chromium, teolybdenum, and tungsten hexacarbonyls, and to the Climax Molybdenum
Company, New York, N.Y., for the welcome gift of several pounds of molybdenum hexacarbonyl.

2.1. Alkyl and Aryl Compounds by the Grignard Procedure (Method I)

The halides 7-C;H;Cr(NO),Br and #C H;Fe(CO),l in dilute ether solution (0-02 to 0-1 molar) -
were treated with the appropriate Grignard reagent in ether or with sodium cyclepentadienide in
tetrahydrofuran. Stoichiometric quantities of the reactants were used jin all cases, and the Grignard
or sodium cyclopentadienide solution was added to the halide solution dropwise with brisk stivring.
The mixtures were then stirred rapidly for two to three hours at 25° and the solvent was then removed.

From the residue, methyl compounds, =-C;H;Cr(NO),CH; and =-C;H;Fe(CO),CH,, were
isolated by vacuum sublimation to an ice-cooled probe; the ethyl compounds were also isolated
directly by sublimation, and it was necessary to cool the probe with dry ice.

The phenyl and o-cyclopentadieny! derivatives were isolated by chromatography; the compounds
were extracted from theé reaction residue with petrofeum ether (30-60°y and were transferred in this

* Note added in progf—
The compound #-C;HFe(CO),Si(CH,),; has now been prepared by the reaction of 7-CH,Fe{CO),Na

with trimethylchlorosilane (T. 8. Preer, D. LemaL, and G. WILKiNSON Naturwiss. 43, 129, 1956).
See now: E. O. Fiscaer, 5. HAFNER, and H. O. STAHL Z. anorg. Chem. 282, 47 (1956),
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TAT;}LE |.—ALKYL AND ARYL DERIVATIVES OF 1-CYCLOPENTADIENYL METAL COMFOUNDS

. Purifi- . oa o
Compounsd Preparation® | . + Yield 34 Colour m.p. °C
-Gkl Cr(NOYCHy I A 60 .dark green 82-8—,’—183-2
2O FLCTNGY CHLCLE 11 (on chloride) B 3 green n
#-CaLLCUNO)Coly I A ;5 green of
C Oy HLCHNOY G M i BA 0-5 green o
7 L Cr{NO) y0-Co HL Ia BA 20 brown 3¢
Gy, Cr{CO)CHLM i A 1-3 yeﬁow 20
- Ciy s Mo(COYCH - 11 A 4 yellow
11X A 83 . .
73 Mo(COYCH, 111 A 78 yellow 77-52;;.’83-'3 @
1-Cy L Mo(CO)aisoCyH, 11 A 5 yellow - 0
#-CyH s W(CQ),CEL, TII A 80 iemor;l yellow 1;;1-;-93 ;
~H, . 111 A 75 yeilow 0-93-
- HW(CO),CH, e
-Gy, Fe(CO)CH, I A 50 caramel 78-82
111 A 70 {waxy) .
Nt 6 caramel ol
7-C M, (CO), Cu - Hi A p>
?T"Cnl'l(; FC(CO)QG"CEHE Ia BA (1_5 m‘\ Ol'ﬂl'lgel 264_630
-0 Hy Fe(COYCoH, I BA 5 4 carame
i BA 2 | .
<CyH )y TH(CH ) I A 1 orange-yellow ecomp.
{mC ) TI{CH s i oo

r Cirlgnard reagent in ether on the bromide or iodide compounds.
s mﬁum cyclokpcntadienide in tetrahydrofuran on the bromide or iodide cortpounds.
Dinzomethane reaction.

[I[ == Alkyl or aryl iodide on the sodium sait w—CsHsM{CQ)mNa. o . By extraction
 Tselation from the evaporated reaction mixiure: A by direct sublimation in vacuum; ylex r o
with petroleum ether (30-60°) and chromatographic separation on alumina using benzene-petroleum ether

mixtures. )
T Compound identificd by infra-red spectrum only. +

P

salvent to an alumina column. The products were eluted with petroleum ether-benzene mixtures.
The prepuration of 7-C;H;Cr(NQ).0-C;H; from 26 g (01 mole) o_f Q5H5Cr(NO)2Br may be taken as .
wnoxample, The regidue from the reaction with sodiam cyclopentadienide after removal o‘f so_lvent walsl :
extracted with 200 ml petroleum ether and the filtered extra_ct passed through 3'0 g alqrgma ina smna
column, Using 50-ml portions, the column was washed with petroleum ether containing first 10 .A’
then 20 " of benzene.  Subsequently the desired product was eluted _Jfron} the column with
02| mixture of petroleum ether and benzene. The progress of t-he separation was checked by
Wehsurement of the infra-red spectrum of the various fractzonf‘. obtained. ) N .d

Aller chromatographic separation, the products were sublimed at ~350°C at 10~ mm Hg, gn
eollected on an ice-cooled probe. The m-cyclopentadienyl metal br.om%de compounds can }Je used in
thesy preparations, and give yields comparable to those using the iodides. _For the chlorides, h?w~
over, the yisld of the alkyl and aryl compounds is often greatly reduced and in some cases 10 proc uc(fi
o bo isolated, A summary of the preparations of the alkyl and aryl derivatives by the Grignar
mothod iy presented in Table 2. The reaction conditions are as stated above, except twhe:e not.ed.
Stanuupelle) Civignasd reagents were used throughout. Column 4, labellffd addition, gives tlrEe yle{d
of the tkyl or uryl derivative. Columm 5, labelled reduction, gives the.ywl_d of the aPpraprLate Bi~
Mueleasr eurbon-monoxide compound. In the case of the chromium denvatnfes, no evidence for the
exlatonce of & hinuelear nitric-oxide derivative was obtained. Studies of reaction products other than
the oy noted here have not been made at the present time.
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TABLE 2.—YIELDS AND PROYUCTS IN GRIGNARD REACTIONS

N B . --U ‘
Metal derivative (]il;;g:;f | Soivent | Addition |Reduction) Biphenyl Number of
. Experimentg
: C T T =

7-CiH,CrNOY,CI | CH Mgl !(csz)zo | wy |~

7-CH,Cr(NO)Br | CH,Mgl | (G0 | 60 | — . :
-y HCr(NO),Br CH,Mgl | CH,0 trace | — - 5

7 CHsCr{NO),Br | CH,Mgl* | C,H,0 (A E— _ !
m-CH, Ce(NO), L CH,Mgl  [(CH),0 | 55 | — — ]
7-CH,CHNOYLCT | CoHMgBr | (CoH.),0 I - _ !
7-C;H,Cr(NO)Br | CoH,MgBr | (C,H.),0 5 — _ ;
7-C;H,Cr(NO),Cl CyH MgBr | (C,H),0 o1 | _ :
wCoHCr(NOYBr | CHMgBr | (CH,),0 os | — 530 :
7CiHCr(NOYBr | CHNa  |[(CH.)0 i 20 |  — 4 ;
7-CsH, Fe(CO),Cl CH,Mgl | C,H,0 o I o — i _ :
7-CoH,Fe(CO),T CH.MeIt |(CH)O| 0 | o | — ;
7-C3H,Fe(CO),1 CHMeli [(C,H),0 | 46 | o _ ;
7-CiHFe(CO),T C.HMgBr | (C,H}).0 0 17% _ 1
m-C3HFe(CO),1 C.H, MgBr§ | (C,3,),0 47 60 68 |
7-CyH;Fe(CO),I CHsMgBr | (C,H1,),0 3 60 0 ]
7-CsH, Mo(CO), 1 CHMgl | (CoH,).0 O )
7-CH Mo(CO), T CHMgI§ [(CH)O | o0 | — !
#-CoHMo(CO),] CALMel | (C,Hp,0 0 59 7 ;
w-C,H Fe(CO),1 CH:Na | (C,H,),0 | 15 15 :
7-CsH;Mo(COY,T i CH;Na | (C,H,).0 0 — _ ?

|

* Allowed to stand 15 hours, usin Yo €X
; ] , £ a 50%, excess of CH Mgl
1‘ 37 % ]of 2‘1@ s%ar{t}mg material 7-C;H;Fe(C0),l was recgc'we%‘ed
I 7 mole % anhydrous cobaltous chloride was added ¢ reacti ixtur
§ 5 mole % magnesium iodide added. to the xeaction mixture.

2.2. Di(m-cyclopentadienyl)-dimethyl-titanium, (7-CgH;)(CH,),Ti

]jﬂ]g\;xlﬁ;I::yvliﬂiocr]?(pound]s, e.g. é.CBHiq;gTi(iT-CE.Hr,)Q, have been prepared "' by the reaction of
2 w-cyclopentadienyl) titanium halides. In view of the stabili
compounds described in this pape ' i - o oot by
oo Grignard metod, paper, we attempted the preparation of a methy] titanium derivative by
1:0 dz(rr-cycloPentadienyD ti?anium dichloride™ (2 g} in tetrahydrofuran (150 ml) .thc stoichio-
(rir;itli; e%uiﬁttll‘zl ;nifhﬁhmag;lesmm icdide was added siowly with stirring at 25°C. The solution
, but then became orange-vellow. After stirring for two hour : illili
methanol were added, the solvent was rapi i 5 . the rercus evmaced wih
s picly removed in vacuum, and the residue extracted witl
petroleum ether. The product was obtained b i i 1D S BC;
. 1 y cooling the filtered petroleum soluti °C,
it was then purified by sublimation at 40°C at 10~ el oout 174: ot
_ / mm Hg. The yield was 30 mg, about 1 %; g
Eloducts _Of ihe reaction have not been studied. The compound is an orange%grellole’f \:”l/i, ;}ot?izl
r:gc;gr;‘;posglg] spont?mcously above 100°C. During the sublimation in several preparatio)rzs thc:
) and the sm}b]unate spontaneously decomposed to a black solid? This decomposition is '1; ar-
ently autocatalytic. Careful and rapid separation is therefore necessary AP

2.3, 7 Cyclopfmtadienyi-Iricarbon monoxide-methyl-molybdenum, =-CsH Mo(CO),CH.
by the Diazomethane Procedure (Method II) o T
7-0 g of the hydride, #-CH,Mo(CO),;H, in 200 ml ether, were treated with about a t\;vol'old oXCess

:ft 1rfiolachrnetlit;ane in ether at 0°C for 24 hours. The diazomethane was prepared from N—methy]-N—
sourea by the usual procedure. The solvent was removed and the crude product sublimed from

(10} T, SUMMERS, R. H. UroTs, and A. 1
“ , R.H. , . HorMes J. Aner. Cham, Soc. 77, 3604
U G. WILKINSON &nd J. M. BIRMINGHAM J. Amer. Chenn, Soc. 76, 4281 (195(41)?55)'

T

- the residue in vacuum, [t was separ
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ated from a ted oily material (unidentiﬂeci) which also sublimed by "

ina, using benzene-petroleum mixtures. The yield of 7-CyH s Mio(COYCH,

chromutography on alum
he hydride), and this preparative method was abandoned in favour of

wis only 022 g (3% bused on t
the Muthod TLL

2,4, m-Cyclopentadienyl-dinitric oxide-chloromethyl-chromium
To 02l g eCey FL, Cr(NOY,Cl in 200 m] ether containing 3 millimoles diazomethane at 25°C was
added 510 ¢ copper powder. The mixture was stirred wigorously for 15 houss. " The solvent was
removed und the product was extracted with petroleum ether; it was then purified by chromato-
ruphy on alumina. Yield ~3 mg (~3 %, based on the chloride). Due to small and erratic yields and
the difTicultivs in purification on account of the moderately rapid decomposition of the compound by
git, charneterization of this compound was based on its infra-red spectrum, taken in C8, and CCl,
soiuticn, which shows two C-H stretching frequencies of the methylene group and a C-Cl stretching
frequency at 670 em (vs) in addition to bands characteristic for the ring.

2.5. Allkeyl and Aryl Compounds from the Reaction of Allyl Halides with Sodium
Salts (Method IIT) ‘

To the tetrahydrofuran solution of -
ot (M, Fe(CO) Na {Preps. 6 and 7), was a

C,H,Cr{CO),Na, 7-CsH;Mo(CO)yNa, m-CsHW(CO),Na,
dded the alky! or aryl iodide In an excess sufficient to
react with the total amount of sodium used in the preparations. A rapid reaction occurred with the
alkyl iodides, but the mixtures were stirred for a few hours at ~40°C to ensure complete reaction.
The reaction of iodobenzene with #-CHFe(CO),Na is much slower than with the alkyliedides, and is
incomplete; here, the mixtures were stirred at 25°C for about 4 days. There appears to be no reaction
of iodebenzene with w-C;HMo(CO);Na or with w-C H;W(CO),Na,

Alter the reaction period, the solvent was removed. The alkyl compounds were recovered by
ditect sublimation in vacuum at ~30°C from the reaction flask to a cooling probe inserted into a
neck of the flask. The phenyl iron compound was extracted from the reaction mixture with petrolenm
ether and was adsorbed From this solution on an alumiina column; biphenyl was eluted with petroleum
gther -1+ 10 benzene, and the product subsequently eluted with petrojeum ether + 3040 %, benzene.

In nli cases the products were purified by sublimation in vacuum at 25-50°C. '

2.6. The Sodium Salts, =-CsHsM(CO);Na of Cr, Mo, and W

mole) in tetrahydrofuran (200 mi) was added the
solid hexacarbony! (0-1 mole). The solution was refiuxed for 12 hours and the solvent removed in
vacuunt. A test was made for unreacted carbonyl at this point; the stirrer was replaced by a water-
cooledt probwe fitted by a ground joint into the neck of the Hask,and the evacuated flask was warmed

to ~d0°C, Using Mo(CO)e and W(CO)s, the reaction is essentially complete in 12 hours and liitle or
with Cr(CO),, one-~third of the carbonyl is recovered. No attempi has
lium salts, and the products were utilized in situ for farther reactions.

To u solution of sedium cyclopentadienide (0-12

no curbonyl is recovered;
been made to isolate the pure sod

2.7, The Sodium Salt w-CgHFe(CO).Na )

T 0+5 mole of sodium as 6%, sodium amalgam in tetrahydrofuran (100 ml) was added a solution
of (44 H) Fe(COY e w-C s Hy)® (0-1 mole) in tetrahydrofuran {100 ml}. The mixture was stirred
rapidly for 12 hours, and the product, containing an excess of the amalgam, was used directly in

subﬁcqucnt reactions.

28, The w-cpclopentadienyl-tricarbon monoxide-hydrides of Cr, Mo, and W
Only & statement of the method of preparation of these compounds has been previously.

Provided, tm
To the dry sodium salts prepared as above (Prep. 6) the theoretical amount (0-12 mole) of glacial
tieetic acid in tetrahydrofuran (150 ml) was added. The mixture was stirred briefly and the solvent
removed in vacuum. The product was then sublimed to a probe cooled to 0°C in vacuum. The
* Note added in proaf—
See now: B, O. Fiscuer, W, HAFNER,

&

and H. O. STAHL Z. anorg. Chem. 282, 47 (1956).
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chromium hydride sublimes at 10-% mm Hg at room tem . i
compounds require warming to 50°C, s perature, while the tungsten and molybdenyy,
) The yields of 7-CH:Mo(CO),H and »-C,H, W(C - b
tion from the hexacarbonyls. s sHaW(CO),H were about 909 for the overall prepary,

2.9. m-Cyclopentadienyl-dinitric oxide-chromium Halides

The following preparation of #C,H,Cr(NOY,Cl (or Br) i rior t i {
By thereaction of sedium cyclopentadienide VEfith i]anh yc(h"ous c)hrirsrllligeclli?;r}get};z(l)tgg;?"?:-]gi;x;lgl)-I('::j i
was prepared. The crude product was dissolved in ether {700 ml) and a str;am of h c]n; e;lw 2] ,I- ?
Ppassed tl}rough the solation, with stirring, unti! the solution, which contains a blue- I‘)IZBI] g ]d]'ldc g
of the bml‘Jcl'ear w-cyclopentadienyl chromium bridging halide, 2% was green in erc;o] .SUSKCH:R .
excess of nitric oxide was then bubbled through the mixture, wl':ich was stirred vi roroOL?s!]. t ’}];lcl“ge
2‘;& solvent was then removed :fmd the product crystallized from dichioromethane, fbFm‘ 111\"{ ;Irm—n ff:
bro%v f;f ;ELjII;CI(N?EfOBg v;fas isolated ()‘(iel_d 657, based on CrCly); the compound forms very clajlz-ka.’
e Y tals, m.p. - 41 C The indide was prepared by treating the bromide with the theorq.
tica quantity of aqueous silver nitrate. An excess of concentrated hydriodic acid was added and y
iodide was extracted from the aqueous suspension by chloroform. Crystallization fron d'a}u l.he
methane gave a high yield of m-C;H,Cr(NO),1, ni.p. 149-151°C. " ciehtoro-

2.10. =-Cyclopentadienyl-tricarbon monoxide-molybdenum Halides
>
7-CyH,Mo(CO),Cl
The hydride was dissolved in an excess of carbon tetrachloride, The reaction

m-CsHMo(CO)H + CCly = 7-C,H, Mo(CO),Cl - CHCI,

I\ivas complete in ~20 min at 25°C. The chloride was precipitated quantitatively. It was isolated b
1l‘cer.1ng the carboa tetrachloride solution as orange-red crystals which decompose at 145°C wit f
melting. (Analysis—Required: C34-25, H 1-8, Cl 12-64, Mo 34-2; found: Cp34'8 H 20 C\;w;‘tl’l:OUt
Mo 34-1.) The formation of chloroform in the above reaction ;vas shoxl:vn b iI,Jfra-r ci ;.7'7,
The-compound m-C;HMo(CO0),Cl is insoluble in water and is decomposed by siﬁer—nitr:t al’iﬂ iy
Uphke the cfasc‘ of the iron halides, 2.g. 7-CsH;Fe{C0),Cl," there is thus no evidence foretls0 ?Ufm.
ation of cationic species in aqueous solution. The compound is only slightly sofuble in }? 101111-
but is éO%_lIlble J?Cpolar organic solvents without decomposition, = petreleu,
7-CyH;Mo(CO),Br. This compound was prepared by the reacti - ]
N-bromosuccinimide in ether solution. The pll'jodﬁct wasycrystall?gélog';; Eiggg;x:éiggfl W-] .,
crystals, m.p., 150-151°C. There is no reaction between 7-CH ;Mo{CO),H and ethy] bromi e
on refluxing the mixture for several days, ) ’ v romide cven
, 7‘1-C51—¥5Mo(.CO?31. The hydlrlde was 1'eﬂuxeq with an excess of methyl fodide in benzene for 24
hours, Cr yst‘alh‘zatlon of the solid residue from dichloromethane-petroleum ether mixtures b ii
%a;ftsa zé q;;?t;gat;vg f]d?v?f 7-Cs;H ; Mo(20N,I as red crystals, m.p. 134-134-5°C, (Arralysz‘st);;ii';?ig'
€258, '35, ‘1, Mo 25-8; fouad: C2574, H 1-5, 1 34 : i :
isopiestic method in dichioromethane: found 375, required 3?25.3 I;'Il?isz foii'idiac(ztls ?ilszrbv;e:)gb?zttizzdﬂif

~(0% vield by refiuxing tl - L
fow houﬁs. Y uxing the mercury salt [ CﬁHEMO(CO);}]EHg”’ with iodine in benzene for a

2.11. w-Cyclopentadienyl-dicarbon monoxide-iodo-iron. E

This compound was originally prepared®! by treati
y treating #-C;H,F -C, ith iodi
We have attempted to prepare it by the simpler route 5 ’ S(CO)Fen-CoH, with iodine.

Fe(CO), 1, + CH;Na 7-CH Fe(CO),I + Nal + 200,

Th; iron cfsu'bonyl _iodide was prepared by the addition of iodine to a stight excess of Fe(CQ), in ether
and the mixture stirred for 2.hours. F)ne equivalent of sodium cyclopentadienide in tetrah;drot" ul"m’
was then added, and the mixture stirred for 2 hours. The solvent was removed, and the 1'esid:m

B2 GG WiLkiNsoN, F. A. Corron, and J, M. BIRMING
, P AL s . M. GHAM J. T
13 A. K. FiscHEr and G. WILKINSON unpublished work. nors. Nucl. Chent. 2, 95 (1850)
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extracted with 30 % benzene in petroleum ether. The product was adsorbed from this solution on an
alumina columr, and was eluted by a 1 : 1 benzene-petroleum ether mixture. Yietd ~105,.

212 w-Cyc!open_tadfenyl—dicarbon monoxide-nitric oxide-molybclenum

25gof 7-CsHMo(CO),H in 100 ml ether was treated with an excess of N-methyl-N nitroso-p-
toluene sulphonamide in ether. The solvent was removed and the product sublimed in vacuam at
50°C to an ice-cooled probe.  Yield 1-4 g (5520). The 'compound forms stable orange crystals,
m.p. 85-2-85-7°C. It is readily soluble in organic solvents without decomposition. (daalysis—
Requized for #-CH,Mo(CO)NG: C 340, H2-0, N 567, Mo 38-85; found: C342 H2Z N 567,
Mo 38-66.) _

The compound can also be mads by the direct action of nitric oxide on =-C,H;Mo(CO),H, in
an organic solvent.

B. Properties

2.14. General Properties of the Alkyl and Aryl Compounds

Analytical data are presented in Table 3. Whilst only 7-C;HCr{NO),CH, has been shown to be
diamagnetic by direct measurement by the Gouy method, the fact that high-resolution nuclear
magnetic-resoniance spectra of the compounds can be obtained (vide infra) shows that all these

compounds are diamagnetic.
Al the compounds are readily soluble in petroleum ether (30-60°) and indeed in all common

organic solvents; they sublime easily in high vacuum at temperatures from 25—50E€\'1:1nd they have a
noticeable camphoraceous odour. In organic solvents, all the compounds areslowiy.decomposed by
air, some more rapidly than others, but the solutions can be preserved in vacuum or in an inert

atmosphere.

TABLE 3.—ANALYTICAL DATA™

| Required l Found
Compound .

[ H N Metal 1 C H N Metal
7-Cy HL,Cr(NO)CH, 375 42 146 27 374 W3 143 270
7-C L Cr(ND) . C o H 496 42 116 215 497 44 1117 213
#-CH,Moi{CO0),CH, 416 34 369 41:1 32 171
7-C L, MO{C0) 4 CoH 5 438 37 150 438 376 354
7-Cy M Mo(CO) iso-C H, 458 42 458 43
Ly M, W(C0) ,CH; 3l 23 52:85 3111 25 5285
7-Cy b, WiCO)C o H, 332 238 50-5 333 28 50-8
m-Co bl Fe(C0),CH, 500 42 29-1 49-0 42 29-2
m-C, [ Fe(CO)CoH; 271 268
7-CsH, Fe(CO),CoH; L4 40 22:0 624 42 21-8
(mCol) ) TI(CH ), 693 78 682 78 '

* Microanalyses by S. Nacy, Massachusetts Institute of Technology znd Schwartzkopf Laboratorics,

codside, New York.

T Molecular weight by isopiestic method in dichloromethane; found 188, required 192.

The iron compounds have the lowest stability, both thermally and towards air. The compound
mCoH, Fe(C0OY,CH,, as the solid shows decomposition in air within a few hours; the ethyl compound
begins to decompoge within 15 min, whilst the pheryl is somewhat more resistant to air than is the
methyl compound.

The chromiym-nitric oxide derivatives show the same order of stabilities as the iron carbon
Mmenoxide derivatives, viz. phenyl > methyl > ethyl, but are more stable; the methyi compound,

or example, begins to decompose in air only after a day or two.-

The compauads w~CrEM(CO),R of the Group VI elements show great differences in stability,

i
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both thermally and towards air. The chromjum compound, #-C,H,Cr{CO);CH,, is rather unsiable
and is quite readily oxidized by air, and is indeed very difficuit, if not impossible, to abtain in g Pure
state. The molybdenum methyl compound begins to decompose in air after a few days and Upon
heating in vacuum at 110°C, The tungsten analogue, however, appears to be stable indefinitely jy
air and melts at 145°C without decomposition; its solutions in organic solvents are quite stable lor g

least several days.

The ethy] compounds are generally noticeably less stable than the msthyl compounds, and the
molybdenum isopropyl compound is less stable than the ethyl.

Thermal decomposition of »-C;H;Mo(CO),CH; and #CsH;Fe(CO),CI, at 110°C has been
found to produce the binuclear carbon-monoxide compounds in addition 1o tarry materjnl,

Al the compounds are insoluble in and are unaflected by water, with the exception of
7-C HyCr{NO),CH,, which is slightly soluble in water, giving a faint-yellow solution. Acids ang
bases attack both the alkyls and aryls. With acids, both the 7-C,H,Fe(COY.R and =-C,H,Cr(NO Rt
groups of compounds give the cations [=CyH Fe{CO),]* and [7-CH:Cr(NO) I+ these cationg
(which may well have one firmly co-ordinated water molecule) give precipitaies with silicotungstic
acid and Renecke’s salt, similar to those given by jons such as [(»C,H).Fe]*. The molybdenym
and tungsten compounds slowly decompose with acids and bases, and there is no evidence for the
formation of cations. All the alkyl and aryl compounds are attacked by halagens; with iodine, fop
exampie, the iodids and the alky! or aryi halide is formed quantitatively—thus

2.15. Some Properties of the m-Cyclopentadienyl-tricarbon monoxide Hydrides of

These three compounds form yellow crystals; the increase in stability with increasing atomic
number is noteworthy, The chromium compound,® 7-C;H,Cr(CO),H is instantaneously oxidized by
air both as the solid or in solution and also decomposes at its melting-point 57-58°C. Solutions of
7-CsH;Mo(CO);H are also instantanecusly decomposed by air, but the crystals require several
minutes for complete decompasition; the compound melts at 54-55°C, and thermal decomyposition -
in vacuum begins at about 110°C. The stability of #-CyH;W(CO);H (m.p. 68-5-69-5°C) is consider-
able; complete oxidation of the solid in air requires several days, and decomposition of the solutions
by air is noticeable only after 15 min or so. The solid is stable in vacuum up to 180°C, In all three
cases, thermal decomposition gives the binuclear compounds m-CH;M(CO)M#r-CHy,

It is interesting to note that in nonpolar solvents such as petroieum ether, the compounds
7-CsH M(CO);H are decomposed to a black mass by air. In polar sotvents, however, particularly in
tetrahydrofuran, smooth oxidation to #C,H,M(CO);Mn-C;H; occurs; studies on the mechanism of .
these oxidations are in progress. In this way, we prepared the molybdenum compound'™ in 70% .
yield; this compound has properties essentially identical with those reported for the compound
C:H Mo(CO)MoC,H;.% As noted sarlier,'® it must be presumed that the only binuclear molyb-
denum compeund is 7-C,H;Mo{CO);Mo#-C,H,, _
previously is not clear, and it may be noted that the infra-red spectrum of the original sample in the
solid state showed a definite splitting in the C-O stretching region which was not found in
CHW(CO),WCH; "%, The present failure to repeat the original work and the formation of only
m-CH Mo(CQ)Mow-C;H; by the high-temperature reaction of cyclopentadiene with molybdenum
carbonyl with properties and infra-red spectrum identical to those of the product formed by air -
oxidation of #-CyH Mo(CO),H, strongly suggests that the original stoichiometry was ingorrect.

The infra-red spectrum of #-C,H , Mo(COY;Mon-CyH; is almost identical with that of its tungsten
analogue both in solution and in the solid state; in the C-O stretching region it has strong bandls at
1960 and 1916 cm~? in solution and at 1951, 1920, and 1892 cm—2 in the solid state. :

D G. WILKINSON J. Amer. Chem. Soc. 76, 209 (1954).
A5 F. A. CoTTON, A. D. LiEHR, and G. WILKINSON J. Inorg. Nucl. Chenr. 1,175 (1955).

w-CsH;Mo(COY,CH; + I, ~ w-C,H;Mo(CO),I + CH,I

None of these compounds react with ferrous chloride in tetrahydrofuran. With the exception of
wCyH,Fe(CO)yo—CH; and +CH,Cr(NO),0—C,H,, none react with maleic anhydride in
henzene solution: for these two compounds, the addition of maleic anhydride causes a rapid chunge
in colour and the compounds cannot be subsequently recovered; the maleic anhydride adducts
were not sufficiently stable to allow isolation and characterization.

Cr, Mo, and W

T. 8. PipEr and G. WILKINSON

The reason for the different stoichiometry found -

Alkyl and aryl derivatives of =-cyclopentadienyl compounds of Cr, Mo, W, and Fe~ |3

TABLE 4.—[NFRA-RED SPECTRA

Compound Column Compound Column
T oy " 1 ar-CsH ;Mo(COY,CyH 12
‘ ’;E’Zﬁﬁgfﬁﬁgigfﬁﬁ 2 7-CgHy Mo(COYyis0-CyELy } i
-y L Cr(N0)yCH, C1 3 w-CsHE,W(Cg}sgI-II_; 14
-Gy Hy Cr(NO),C H, 4 7-CsH s W(CO),CoH 13
reCa s C{NO), 0o C, 3 {W~C5H5)2T1E:COH3& 16
e HCr(COY,CH 5 Tf'-c‘:jﬂa%oéo) )IEI i
7oy M s Fe(CONWCH g 7 w-CaH W( MH o 18
1wy s Fe(CO) CaHg 8 w-CsHsMo((C:O)za 1
e CyblgFe(C0),CyHy 9 w-CsHsMo(Co)ﬂB 20
1y [ Fe{COYo Co FEg 10 71--C5H5MQ(CO);lI r 2
11-C s Mo(COY, CH, 11 ~C;HgMo{CON: 2

# The spectta were measu
for the compounds 6, 16, 17,

TaBLE 4 (continued)

red in solution in CCly, 4000-1350 cr 2, and in CSy, 1350-450 cm™, except
18, and 19, which were measured in CS; solution: onty.

1 2 3 4 ) 6 7
3900 w
.0, M- 3530 w 3530w 3550w 3530w 3530 ow
Svi)r’tl;llco 3410m | 3410m | 3430m | 3430m | 3410w
3330 w 3330 w 3330w 3330w 3330 vw
o strote 5 3105 w 3100 w 3100 w 3080 m 3085 w 3105 W
G strasct 3328 ::z 2920 ms | 2960 sk 3030 m 2952 w %ggg m %ggg ni
889 m 2840 m 2910 m m m
2 2270w 2810 w
0 sh 1787 vs 2010 vs 2120 w
C-0, N-O 1779 vs 1777 vs 1797 os 182
ey 704 179005 | 168505 | 1930ws | 2010ss
strotch [670 us 1673 vs 1 .us 1700 2019 o8
1685 vs 1920 w
1560 m 1610 w
1485 w 1840 w
1470 ms 1760 w
' 1450 m 1430 sk 1450 w 1445 m 1680 w
1430 m 1430 m 1425 mm 1425 ms 1430 m ‘ 1520 w
1360 w 1370 m 1360 w 1375 m 1430 m
1300 w 1360 w 1420 m
F130 ms | 1125ms | 111508 1150 w 1160 m 1360 w
1085 w
1085 w 1055 m 1080 m
1060w 1060 w 1065 w 1060 w |, 1170
1085 m 1013 sk 1015 m 1010 ms ig%g ns 1010 m 1110 m
1006 1005 m m
1050 m " il
930 w - 1060 w
20 995 m 920 sk 1015 m
915w 920 w e 1015 m
840 5 848 sh
815 vy 823 us 820 us 825 vs 8325
gig t:: 760 w 772 m 805 w 650 5 920w
730 sk 700 w 726 vs 740 vs
646 m 670 vs 6935 s 135 sh 840 sh
604 vs 688 m 707 w 825 vs
579 m 790 m
534 w 760 vw
634 5
592 5
570 5
560 5
466 w
e e vt
A
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TaBLE 4 (continued)

3
} 8 J 9 10 [ 11 [ 12 } 13 ’ 14
: | ! N
C-0, N-O I 3900 w 3900w | 3920w 4000 ow 4000 vw 4000 py,.
overtone [ 3900 w 3900 w 3900 pyy
J lw 3820 ow | 3820 pw 3820 py
C-H streich 3100 w 3105 w 3080 m 3110 w I 3110 w 3100 w 3105 )
2910 s 3040 m 2907 w 2990 m 2942 ms | 2930 2964 4y
2840 m 2910 m 2863 m 2840 1 2870
282¢ w } 2810w
C-0, N-O 2120w | 202005 ( 2013 ps i 202005 | 201655 | 2000w | 2020y
stretch 20106 s 1860 vs 1965 vs 1937 vs 1932 vs ] 1930 »s 1930 py
1950 vs 1930 m | 1740 1y
1920w J I‘
| T———
1830 w [
1760 w 1780 w
1720 w 1690 w 1455 m
1680 w 1570 s 1620 w | 1515w i 1445 m
1450 5 1470 ¢ 1450 ms ’ 1430 sh 1425
1430 m 1430 m 1430 m ‘ 1 1450 m ‘ 1420 m 1350 w
1420 m 1420 m 1420 sk 1420 m [ 1420 m 1360 w
1370 m 1360 w 1373 m 1355w | 1370 m 1220 w
1360 w ! 1137 & 1185 m
| 1220 | 1285 | 1110w
1150 ps 1110 w 13167 m [ 11405 I 1088 m 1060
1115 m 1105 w 1110 w 1110 w 1030 w
1060 7 | 2090 { | 1010 | 1006m
1035 m 1050 m 1080 w 1005 m 1005 sk
1050 w 1060 w 1060 w 920 w
‘ 1015 ms l 1010 s 31015 s 1010m | 1080m | {
1000 ms 993 m 1000 ms I 1005 m 1005 sh 840 ¢
965m | 960 s t 808 vs | 820 g
930 w 890 ms { I [ 775w
915 w 1 965 m J
[ : 860 ms | 910 1w
845 m ’ 840sh | 8405k | 830 sh
l 825 ps 828 5 [ 8305 / 810 vs 810ws |
694 w 760w | Bl0w i
| 728 vs 747 vs | ! |
i 655 5 T40ws | !
i 675w T1Gm ‘
i

2.16. High-resolution Nuclear Magnetic Resonance Spectra

Spectra were obtained, using a Varian Associates high-resolution n.mr., spectrometer, Model
V4300A, with a crystal-controlled radio frequency of 40 megacycies. The samples were carelully
purified from paramagnetic impurities, the presence of which leads to loss of radic-frequency power
by leakage in the coils and alse to reduction in the relaxation time, with comseguent reduction in
the signals. The samples were sealed in vacuum in 5-mm-diameter Pyrex tubes.

The position of the phenyl proton resonance and the separation of the phenyi and methyl proton
resonances in toluene were used as references for the measurements; for this separation a value of
5-13 p.p.m. was assumed. ¥’ The chemical shifts with reference to water can be caleulated from our
data by assuming a chemical shift for the phenyl-group protoas in toluene of —1 .77 p-p-m. relative to
water. The data are accurate to 527,

Where possible, samples were run in carboa disulphide or benzene solution to show that no
proton resonances due to the sample occurred in the toluene region. Subsequently; toltizhs,was used
as a solvent, except where noted. In the case of H,Fe(CO),, a sealed capillary conf‘aining toluene was

19 B, P. Dawey and J. N, SHooLERY J. Amer. Chem. Soc. 77, 3977 (1955).
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TaBrLE 4 (continued)

15 16 17 18 19 ©20 21 22
3 <0 4000 pw 4000 vw 4000 pw 40190 pw
Cvgiﬂw 3900 w 3960w | 3950w | 3920w
¢ 3820 0w 3860 ow 3830 vw 3330 m
. — _
E_Fi 3090w 3090 w 3105 w 3100 w 3110w 3100 w 3100 w -
greteh 2930 m 2930 m ‘
2850 m 2860
2780 w
v ' 040 bs
i 0| 2 ‘ 2030 uy | 202005 | 2015ps | 20555s | 2049ps | 2
: C"(')l’ Ef © ngg oy 1949 vs | 1979 ps | 19400ps | 1580ss | 19770s | 1968 o
G ) 1613 | 1980w | 1910w | 1960us | 1958us | 19554
- 1678 os
1790w | 1840w 1430 sh
1730 w 1710 w 1420 m 1420 m
; 1820 w 1350 w 1360 w 1360 w
i 1720 w 110(5) w
1090 w
iigg o 1930w 1050 w 18(1){; m igég m
: 350 10055 | 1005 s
':. 1370 m 1365 w 1355w 1 w 00ss 202 ok 003 sh
' 1235w | 1150w 1270 w | 1210w 810 sk 815 us g%g us
! 1160 ¢ 1187 sh 1150 w 1150 w 800 vs . o
i 1110 w 1103 m 1110 w 3265
£060 w 1065 w 1060 w 1055 w
(030 w
010w | 1018ms | 1005m | 1005 m
: 1005 sk
'.: 965 m 910 w 975 w
910 w 905 w 9035 w
840 sh
: 815 ns 810 vs 8155 817 s
730 w

“

,
inserted insice the n.m.r. sample tube in order to provide “internal’j reference points. T;le procedure
of sample replacement was thus aveided and errors clflf.: to changes in the ﬁzlddmmlln;u:_ . S

The nunnr, data are presented in Table 5; in addition to the compounds descrl E? in b ;ga?m;
severs| other compounds were run and the data of other authors quoted for comparison. i m;{S
under the peaks were nol accurately measured, except where noted, but the rela_u\fe SLZes.I o ee]; riier
for compounds with more than one type of hydrogen appeared t'o be appropriate. ndafnr e
note!'" we have reported the m.m.r, spectrurm of (C;H;).ReH, which had bgen r{rixe;sure ! ]j)remem
nother laboratery using the method of sample replacement_. We bave now repcatn]ej tf e n;e?n o,
in this laboratory in toluens solution ard obtained more rei.mble data which may be (_)g_n } forcn te r.

Since comparatively concentrated solutions (104 by weight or more) are often requg;: ently hich
Stuclies, the measurements necessarily had to be limited to those compo_unds with su C}Den y %i_
Solubilities in organic solvents, The compound (CSHE)?Mng{NQ)g‘“’ which would have been par
cularly interesting to study, was not sufficiently soluble in organic solvents.

217, Ultra-violet Absorptfon Spectra

The spectra were measured in cyclohexane solution, using a 'Cary recording spectrophotc;lmete;
With quartz cells. Tn adidition to the maxima which may be found in Table 6, algof the sp;;g;. s2 505\330
very intesse absorptions increasing with decreasing wavelength; at 2400 A, e = 10,000-25,900.

" G WiLkinson and J. M. BirMiNGram J. Amer. Chem. Soc. 77, 3421 (1955).
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TABLE 5.~--NUCLEAR MAGNETIC RESONANCE SPECTRA

Chemical shift in p.p.m. vs, C¢H; protons in foluenc
Compound S—
o-CsH, | »-C;H; | CH, C.H, H Mise
(m-CyH;).Fe — 3-1 — —_ — —
(#-C;H;).Ru — 2-7 — — — -
(m-CyHCHy),Fe =l 52 | ose | — | = | 2
7 C H:Mn(CO), . - 31 — — — -
7-C H NINO — 22 1 _ — i
m-C,H,Cr(NO),CH, _ 26 69 — — —
w-CsHgMo(COYCH, . — 2.6 69 | — - —
P 7L HMo(CO)CoH 5 — 25 — 60 — .-
- 7-CH Mo(CO)giso-CH, — 25 55 — —_ e
_ _ 60t _ - —
m-CyH W(C0),CH, — 25 7-0 _ —_ —
m-C H W(C0),CH; — 2:5 — 5.8 — —
m-CH Fe(CO).CH; — 30 7-2 — —_ e
(m-CH 2 TI(CHy), — 15 76 —_— —_ —
¥ 7-CH,;Fe(CO)e-CH, 1 ) 06 21 — — — —
m-CiHCr(NG)6-C, H @ 05 1-8 — — — -
6-C, HCuP(Call)s 10 — - 66® | — —_—
P(C:H), —_— e — 64® - -
(CsHj):Mg!® — e — — — 03
(CDH:,)g:,Mg(f) — —_ — . — 13
(o-CyHp)oHg 1-5 _ _ . _ *
(CH)(Si:0 _ | — N
C:H, ' — — — — — 08t
| 4:210
; 7-CHCr{CO) H — 31 _ — 13-1 —
w-CiHMo(CO),H — 2.5 — — 12-8 —
7-C H W(CC),H — 24 — — 14-7 v
(#-C,H ) Rel —— 31 . s 20-5 _—
(C.H;),SiH# — — — &2 32 —
H,Fe(CO),™ — — — — 17-4 —
HCo(CO),® - — . _ 17342 —

(e [ 7. REYNOLDS and G. WILKINSON, unpublished work.
:": Methylene and methyl groap resonances pot resolved.
( ;; Methyl peak. split by methylene hydrogen; methylene peak was not resolved.
In C8, solutions (by samnple replacement): area ratio 4-9{c}: 5-0(=}
(e} Probably ionic (cf. reference 12). s
1 In tetrahydrofuran solution.
) Proad shoulder at about 1-8 p.p.m.
) Qlefinic protons.
9 Methylenic protons
:;’} é I\R?U:s ALLRED:ipI;'i\::,t(E communication.
. WiLkiNnsoN and F. A. CoTToN, unpublis H ¥
) Calculated from data of H. 8. Guroxgsxy.};gd works mo solvent used.

J. Amer. Chem. Soc, 77, 3951 {1955).

i

a8 H. 8. Gurowsky, quoted by R. A, FRIEDEL, I. WENDER, S. L. SHUFLER, and HEINz W. STERNBERG,

“o and in curbon disutphide from 1350 om
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TABLE 6——ULTRA-VIOLET ABSORPTION SPECTRA

Compound FREN Emax
m-CH Mn{CO), 3,320 1,010
7-CH,Cr{NO),CH; 4,600 1,520
3,000 2,750 -

-G, Cr(NOY,0-C;H; 4,500 1,360 (shoulder)

: 3,040 11,300
7-C,H;Mo{CQ),CH, 3,150 1,960
#-CH,Mo(CO),C.H; 3,130 2,120
7-CH, W(C0),CH, 3,130 2,430
- CsHW(C0)C.H; 3,130 2,390
mCsHyFe(CO),CH, 3,530 730
m-CH,Fe(CO),6-CyH, 3,180 8,040
{(CoH 3 Mn,(NOY, 2,930 24,000

2,18, Infra-red Spectra
[nfra-red spectra were measured on Perkin-Fimer double-beam recording spectrophotometer,
Modet 21, using sodium-~chloride optics. In the potassium-bromide region, 2 Perkin-Elmer single-

beam spectrometer, Modet 12¢, was used.
Mast of the compounds were studied in carbon-tetrachloride solution from 4000 e to 1350 em™
-1 to 450 e~ The data are presented in Table 4. In addition,

the spectrum of the vapour of C,H,Mo{CO0);CH; was obtained at about 100°C: in this case, the.
bands in the C-O stretching region occurred at 2030 em-t (8), 1957 cm* {vs), and 1920 cm~* (W).
The methyl group is identified by its two C-H stretching frequencies at ~~2960 cm~* and 2890 et
and by synimetrical metal-methyl deformation frequency at ~~1150 ¢m~1, The ethyl group is identified
by its C-CFl, ssymmetric deformation at ~1450 cm~! and by its C-CH, symmetric deformation at

~I370 cm~t, For phenyl compounds, C-C stretching frequencies are found at ~1570 cm™ and
~ 470 e~ (the C-C stretching frequency for the w-cyclopentadienyl ring lies in the region 1430-1420
em-t); the C-F out-of-plane bending vibrations characteristic of monosubstituted benzenes afe

found at 728 and 695 cm~*,

!

3. DISCUSSION

3.1, The Structure of the Alleyl and Aryl Derivatives

It ull the compounds m-CsHsM(CO),(NO),R, the cyclopentadienyl ring is
unquestionably bound to the metal atom by a bond similar to that in ferrocene and
other his(m-cyclopentadienyl). metal compounds.®: 20)  For mononuclear w-cyclo-
pentactienyl compounds this point has been previously discussed,® and a comparison
of the infra-red ubsorption data in Table 4 with those given in previous papers® shows
many common features attributable to the m-cyclopentadienyl ring-metal system.
Additional proof of the m-cyclopentadienyl nature of the rings is the failure, e.g. of
7-CyH,Cr{NO),CH, or m-C5H W(CO);C,Hy, to react with maleic anhydride in
benzene solution, with water, or with ferrous chioride in tetrahydrofuran. For the
compound (-Cyll)y TI(CHy),, the same arguments concerning the bonding of the
vings hold, fa the compounds such as 7-CgH;Cr(NQ),6-C5H;, there is unequivocal
vidence, which is discussed in detail below, that there is only one m-cyclopentadienyl

{1
an M. Morer J, dpmer, Chen, Soe. 76, 3386 (1954).
§oD. Dunerz and L. E. ORoeL S Chem. Phys. 23, 954 {1953).
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ring bonded to the metal atom. At firstsi ght, it might appear certain from the methodg !
of preparation of the alkyl and aryl compounds, and from the diamagnetism of (hy -
molecules (which is to be expected since these are structurally similar to other mong. .
nuclear sr-cyclopentadienyl metal compounds®'), that the alkyl and aryl groups i -
w-CsHM(CO),(NO),R are indeed bound directly to the transition-metal atop,
It is conceivable, however, although unlikely (since feasible electronic STFUCTures
would be difficult to write), that the alky! or aryl groups could be attached to nitrogen,
carbon, or oxygen atoms, e.g. as an ether grouping M—C—O--R. There is strong !
evidence that this is not the case. (a) In the compounds 7-CyH;Cr(NO),R apg
7-C;H Fe(CO),R, two intense N-O or C-0O stretching frequencies are observed in -
essentially the same regions and with essentially the same separations, e.g. Tor the
N-O bands, ~100 ecm, as when alky! or aryl groups are absent; thus the bands in
7-CsHFe(CO),CH, are at 2010 and 1955 em™, whereas in 7-CsHgCo(CO), they are
at 2028 and 1967 cm™ and in #-C;H Fe(CO),Cl at 2050 and 2010 em™. (b) Catalytic
hydrogenation of 7 C H;Cr(NO),CH, in ethano! solution at 25°C, using ApAmMS's
catalyst, gave methane, which was identified by its infra-red spectrum. No methy- -
lamine, which would have been expected from an N-methyl compound, could be : |
detected; an O-methyl compound would not be reduced to methane under these °
conditions. (c) In the 7-CyH M(CO),R alkyl compounds, the existence of only two
strong bands in the 1900-2000 cm™? region (vide infra) and the occurrence of a medium
to strong band in the region 1110-1190 em™, might be construed as indicating two
M-C-O groups and one M-C-O-R group in the molecule. Analogies to carbon
compounds, where in ethers, for example, O-CH, stretches occur at 11501060 cm-?
{s) and an O-CH, deformation in CH3COCH; at 1466 cm™, may well be invalid, and
there seem to be too few bands to fit this possibility. The medium-stron g band in the
1T10-1190 em~ region oceurs also in mCyH,Cr(NO) oR i and 7 C H . Fe(CO) Ryl
e.g in mCHCr(NOY,CH, at 1130 em™, and is hence probably attributable to
metal-alkyl group interaction; it may be noted that in dimethylzinc®) the sym-
metrical metal-methyl deformation frequency occurs in this region. (d} In the methyl
compounds 7-C;H;M(CO)(NO),CHj, the methyl-group proton resonances { Table 5)
all occur at a similarly large shift relative to methyl groups in benzene derivatives or in
L.I"dimethylferrocene, and resemble in this respect methyl groups in methyl silicon
compounds (Table 5 and ref. 22); furthermore, in the ethyi compounds in no case are
the methyl and methylene proton resonances resoived. The similarity of the chemical
shifts in the #-C;H,M(CO),R compounds, where any possibility of bonding of the
alkyl group other than directly to the metal atom is clearly ruled out as above, to
those in the 7-C;H;M(CO);R compounds indicates similar bonding for the alkyl
groups in all cases.

In view of the above, we take it that in the m-CsHM(CO),(NO),R compounds
there is a metal-to-carbon o-bond. Whilst it is clear that metal-to-carbon o-bonds, as
in simple alkyls and aryls, are unstable for most of the transitional metals (cf. ref. 1a),
it now secems that the presence on the metal atom of a w-cyclopentadienyl ring,
together with other suitable ligands, so changes the orbitals remaining for bonding
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JABEEE hus made calculations concerping t.he stability of transnizge r?c;ilf}?e
arbott g=bonds in simple alkyls or aryls, ie. with no other groups p ot on e
. (ul wtom, based on sd™ hybrids of the metal atom; he concluded that the X
mclli llhnvc‘low‘ stability and that the strength should be greatest for elements of the
“V-O}'l tl ' nt;itioaml\ sorics.  Aside from considerations of bond strength in cases
o ‘%“ l 'l‘ I'M“'Ptf“ considered, the failure to isolate simple alkyls and aryls may.be
B atod in pet 1 fact theit partially occupied d orbitals would be present which

tribated in pael to the | o | d orbit o
itftouhl he uxplcctcd to lead to increased lability and re‘act1v1ty. "fhe comlfglogmjs I:;ted
Cinthe present work are all diamagnetic, and the chemical reactivity would be exp

. (or this reasol ite apart from other factors. _
be lower Cor this reason alone, qui : ] 1
§ [h the previous discussion of the fact that. the' mononuclear a-‘r‘fc‘:ycliapelitgféfrrg;
webon-monoxide or nitcic-oxide metal derivatives follow a “fourteen 1
e 9 it wa ed that i idering the bonding of the ligands to the meta
role™, ) it was supggested that in considering g e
aton it was not hecessary to invoke the use of more than one p orbital, o1rD1-t save con:
together with & und ¢ orbitals; in the first transitional series, the P orbita e son
siderably ubove those of the s and d orbitals, and thus on energetic groun
their uge in bonding would be disfavoure _ o
thullnl the bonding %}t‘ an atkyl group to the metal atom, there is ‘srrllall potszfslgyt 1(:;"
multiple bonein gi}etween the metal and the carbon atoms. Th1][s1 is in C}?:;er i to the
ense where carbon monoxide is bound to a metal atom, since erﬁ,kw ore there o
orbituls uvailable on the ligand, multiple bm}jds to ‘Lhe I‘cll‘).S::}Elll arsf:e \;vfea St?g)ngly directe&
s, i abtal ' -to-carbon ¢-bond, the u
Thus, it order (o obtain a stable metal : e O S e s
itith of slol atom i ecessary than is required for bonding ligd
orbitul of the metul atom is much more 1 - o el
: 1w of cor i t is not possible to get sirongly i ]
of e Lype of carbon monoxide. I fed orblta’s
using m):}y s and ¢ hybrids, since from symmetry arg.uments.thi _resulélir;inraway
must be gerade, e, the electron density w11-1 be as great in the dl.rec Io‘f'llt};_ble o egt ey
from the I gindd us in the direction towards it. Hence ‘the formano}? 0 stable et -
encbon a-bonds may be considered to reqtfnre con;ldera}ﬂe fv if;haf;e I o
leve the necessary directi ty for good overlap :
achiove the necessary dicectional property ' o orbitals o ¢
j since the ener bitals relative to the d and s orbita
aarbon utom, Since the energy of the p or . rbital:
going from the first to the third transitional-series elements, the c;{)_artt?piz;clo;lh;)&g
m‘bit?tlrﬁ‘. i the bonding of the groups other than the m-cyclopentadienyl ring
becomy increasingly casy. ‘ . B
Although Utl‘lﬁry[’actors may contribute to the chemical stablhtiles., th:qsé:bﬁ:g
(445
ordar does sugpest that the strength of the me1:15:11-1;.;)—0211"bom}teférl t;?lnth;ng) ;Ve o
increasing utormic wei tal, as would be expec I .
inerenging utomic weight of the metal, d ol IR B o of
The structures of the molecules w‘-jCoHiM((tZ?)%(E}(j)O)BI; ;;11(125) l;or e e, 25
the other mononuckeur m-cyclopentadienyl metal compounds. -
i € H L C(NO)CHy, the NO and CH, groups \:vﬂl be directed tto_:vardse ihe Ic;zﬁnfﬁ:
of a (riponal, not necessarily regular, pyramid with the metal at its apex. I
Giro ‘Vl ‘ il compounds, m-CsH;M{CO),R, the infra-red data concerning the
JECYL + | b . :
C=(‘)l‘lill1'ulch ::\‘ :r Ii':'ctkucn}:ie‘; ‘:‘ug,gest that there are two sets of compounds which 1;{ormally
al : ¢ & simi ion, i i groups
waylel by g:xpc;clc(,l to have a similar configuration, 1.¢. one with the CO_arﬂ FUO ‘ tge
dirceted Lo the corners of a tetragonal, not necessarily regular, pyrar? .S For the
compounds where R = H, CHjy, CgHj, and iso-CyHy, two strong absorption

purposes that stable o-bonds can be formed between a transitional metal atom and an
alkyl or aryl group.

21 Cf, H. 8. Gutowsky J. Chem. Phys, 17, 129 (1949),
22 Cf. Table 5 and also Radiofrequency Spectroscopy 1, Mo. 2, Varian Associates, Palo Alte, Calill

. () 61 s and O DOAK J. Chem. Phys. 21, 19b (1953).
' (Y M, 18, Jarvis dbtd. 32, 1462 (1934).
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the C-O stretching region. It would be tempting to assume that the CO Broups

have Jocal symmetry C,,, with the R groups lying along the principal axis of the mgle.

cule; in the case of the hydrides this may well be so (vide infra), When R = C|_ 3, -
and I, 1:lh1:ee blands are found, one of these appearing as a shoulder in.thc i.oclidcf ! ['3‘["
the splitting increasing in the order 1<<Br<CL In the vapour-phase é;aectl'L; e
7-C,H;Mo(CO);CH,, and often in the solution spectra of the first group of m o
pourfdrc,, a third band does occur in the C-O stretching region, but ofiﬁtengit /8 T?nh
that it is not certain that it is a fundamental. The existence of only two str(n{sv l)')'lklgd .0lw. '.“
the first group may hence be due to accidental cancellation of dipole nuﬁﬂcgmg& e
to the 901.11cxdence of two bands; the latter explanation gains supportrf rom the clcci“-'(Jr
ing splitting in the halides with decreasing electro-negativity of the R group, o

3.2. o-Bonded Cyelopentadienyl Derivatives

The chemical properties of cyclopentadienyltrimethylsilane®4) indicated that the

cyclopentadienyl 1'1"ng was bonded to the silicon atom by a localized silicon-lo-cirboy =
bond. The first evidence that similar bonds could be formed between the €. H rinn
sy ring

and a transitional metal came from a study of the compounds (C;H,),Mn(NO), 1}
and C5H5CUP(C2H5)3,(25) in which the compound (C5H5)2Hg‘25? wr;; p.rezw'n'cd):li' i
comparison. It was subsequently suggested!® that in the compounds of L:n Dt 01{ |
l:l(i::;ula, (CsHp)pCr(NO), and (C H;),Fe(C0O),, one ring was o-bonded to thcimc([:l
The evidence that in these various compounds, one C;TH, ring (in the case

(CgHp) Hg, two rings) is bound to the metal atom by a localized bond is as I‘o‘}it O'F
(a) All the compounds react with maleic anhydride, although the adducts ‘h'we lOWS-
characterized only in the cases of the silicon and mercury compounds (bj \f\;hcrcjifn
C-H stretching region could be investigated, the infra-red spectrum of.the compou c;c
fshowcd a band at 3080 em~1(m) and one or two weaker absorptions. Cyclo eniﬁ'td']3 \
itself shows C-H stretching frequencies in the infra-red at 3100 cm“l and 29}(3)0 c;n-];'n 0
w-c'yclopentadienyl ring, on the other hand, has but one frequency in l'i;'ﬂ
region at 3100-3085 cm™ (w). It may be noted that one of the ba)r)mls fl'OIfl
a. o-cyclopentadienyl ring may overlap the C-H frequency due to a s-cyclopentadienyl
ring, so that in a compound with both types of ring present, more thalti tu:o C {[
stretching frequencies may not be found.  In addition, the spect;:a of these compou l;dS
showed an absorptionat 1610-1640 cm= (w), possibly attributable to a C==C Stl'l(jlchil'l
frequency, and at least one absorption at 720-760 cm~! (vs). These bands are no%
observed in the spectra of w-cyclopentadienyl compounds (cf. ref. c2 and
Table 4), but, as previously pointed out,'® the spectra of the o-cifclo (;llt’ldit;l'l 1
compounds of copper, mercury, and silicon otherwise bear little r};sen;bl'mge
to one another. The compounds (C,H),Cr(NO) 2: (CsHy),Fe(CO) "'md
(CsH,)aMno(NO), bave in common bands at 1445 (m), 1375 (m), 1085 (m),
8_85 (m), and 840 (s) cm™, none of which are due to the w-cycl{,) 7cnt'1dienl,
ring. (c¢) In the ultra-violet absorption spectra of the compounidt; ;nlcnsyc :
end-absorption obscures the region where a diene system might be expectedhgo absorb
(& = 3000 at 2400 A); however, as discussed previously, %) the mercury and ;O) el
compounds have intense absorptions which are probably due to the metal-czll['lloh :

:Z:; K. C. Frisca J. Amer. Chem. Soc. 75, 6050 (1953). '
T, 8. Preer and G. WiLkINsON J. fnorg Nucl. Chem, 2, 32 (1356).
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sbond.  {d) The high-resolution nuclear magnetic-resonance spectra of (CsHs)e
= Cr(NOY, and (CyH ) Fe(CO). show two peaks whose chemical shifts are appropriate

. o-bonded and a w-bonded ring, respectively, and provide unequivocal evidence
for the existence of two types of cyclopentadienyl rings in the compounds. For
(CsHa)oHy and ¢ HCuP(CyHy),, peaks characteristic of o-cyclopentadienyl rings
are also observed. These points are discussed in detail below.

3.3. High-resolution Nuclear Magnetic Resonance (nm.r.) Studies

Tuble § records the n.m.r. spectra of several of the compounds prepared in this
work. Some general features are apparent. All of the compounds which, from other
physicat and chemical evidence, are known to have a w-cyclopentadienyl ring bonded
(o the trunsition-metal atom, have a single proton resonance between 2-5 and 3-1 p.p.m.
relative to benzene; for magnesium cyclopentadienide, the shift is very solvent-
dependent, but both here and in the o-cyclopentadienides the proton shift is consider-
ably smaller than for m-cyclopentadienyl compounds. For all of the compounds with
4 metul-methyl bond, the methyl-group protons show a peak ~7 p.p.m.; in the
ethyl compounds, the methylene and methyl resonances were not resolved.

The lurge chemical shifts of the “hydridic” hydrogen atoms in the chromium,
molybdenwm, and tungsten compounds 7-CsH M(CO),H are similar to those
observed Lov the compound (m-C Hj)ReH, %7 cobalt hydrocarbonyl, 8 and iron
hydrocarbonyl,  For these transitional metal “hydrides,” which are certainly not
hydrides in the sense of furnishing hydride ioms, there is no obvious connection
between ueidity and the chemical shift. Thus, (m-CsH;),ReH is a weak base, reacting
with acids to form the cation [(m~CsHg),ReH,It, the Group VI compounds are acids
weaker Lhan acetic acid, whilst the iron and cobalt hydrocarbonyls are well known to
behave us strong acids in aqueous solution. The chemical shift of the “hydridic”
protons fails in the order ReH = Co, FeH = Cr, Mo, or WH. Although the shift in
the Ce, Mo, and W compounds is esseniially the same, indicating the similar nature of
the proton shiclding, there is a very pronounced increase in chemical and thermal
stability with increasing atomic weight—thus the tungsten compound is stable to
aboul 180°C. A simifar increase in stability with atomic weight might well oceur
with the simple hydrocarbonyls, but those of second or third series transitional
clements can hurdly be said to have been characterized at the present time. In these
transitional metal “hydrides,” the protons are extremely well shielded from the
effects of the applied field; the chemical shifts, of 12-21 p.p.m. relative to benzene,
are Lhe largest recorded for protons, and are in striking contrast to the shifts for protons
in normal hydrides, e.g. 3:2 p.p.m. for (C,H,),SiH. It would appear that the shifts
cannol be atteibuted primarily to s electrons about the hydrogen nucleus, and the
proton must be buried in the electron density surrounding the metal ator. The
l})’(ll'(ngcn atom may perhaps best be regarded as bound to 4 orbitals, nonbonding as
lar as other ligunds are concerned. For the hydrocarbonyls the proton may be
localed belween the ligands at about the same distance from the metal atom as the
eentroid of maximum charge for the metal-carbon bond of the ligands. For the
meyelopentadienyl compounds the proton could also be located between the ring and
the metul atom, ¢.g. in (m-CsHg),ReH in the d(a,g) orbital; in the compounds with
ane m-cyclopentadienyl ring, location between the CO ligands and the ring are both
Possible positions.
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In the various compounds where the methyl group is bound to the metal alom,
absorptions are found at ~7 p.p.m. relative to benzene; these shifts for the methy]
group are greater than is found for methyls attached to carbon atoms, e.g. as iy
toluene or 1,1'dimethylferrocene, but comparable to those observed for methy]
silicon compounds, and may be due to the lower electronegativity of the atom tq
which carbon is bound. The nonresolution of the methyl and methylene protoy
resonances in both transition metal, silicon, and phosphorous ethyl compounds may
have a similar explanation. DAILEY and SHOOLERY® have studied the electrop
withdrawal power of substituent groups in ethyl derivatives. Althou gh in these caseg
the substituents formed bonds with the methylene group using primarily a p orbital,
and hence analogy to the present cases where the involvement of  orbitals is possible
may not necessarily be close, it would appear that where the electronegativity of the
atom to which the methylene group is bound has an electronegativity value below
~1-7, the methyl and methylene resonances might be expected to coalesce. Whilst
the different electronegativities of atoms to which a group is bound may be responsible
for part of the chemical shifts, i.e. these resuls in part from variation in ionic character
of the bonds, other factors are involved. Not only are the shifts, say for the methyl-
group protons, larger when the group is bound to silicon or a transitional meta
than when it is bonded to carbon, but in the m-cyclopentadienyl compounds the ring
protons are considerably more diamagnetically shielded than those in benzene in
spite of the well known chemical similarity of the w-cyciopentadienyl rings in ferrocene
to that of benzene. Such a large diamagnetic shift could arise if the external field
induces within these magnetically anisotropic molecules, a local secondary magnetic
field which acts against the applied field at the proton positions. Electrons in 4
orbitals or in hybrid orbitals with d components may be involved, and directional
effects due to the applied field might ocour. In an analysis of the chemical shifts

in fiuorine compounds, SAIKA and SLICHTER™ have concluded that paramagnetic
terms for the atom were principally responsible for the chemical shifts; here, however,
these led to a paramagnetic shift. In the present compounds, paramagnetic terms of
atoms other than the one whose resonances are being studied may be important and
their direction may be dependent on the geometry of the molecules. It seems safe to
conclude that the unusually large diamagnetic shifts observed, e.g. for protons in the
w-cyclopentadienyl or methyl groups, are due to the association with the metal atom.

Although it is not possible to say with any certainty, the greater stability of the
methyl derivatives, compared to the ethyls, may be due to some double-bond character
in the metal-to-carbon bond, since in organic chemistry it has been postulated that
methyl groups can release electron density.®” This might have been expected to
decrease the electron density at the methyl-group protons; the shielding for the
methyls is consistently greater than for the methyl + methylene protons in the ethyls,
however, although if the metal-carbon distance were shorter in the methyl derivatives,
mncreased shielding of the protons by electron density from other ligands or the metal
atom might be expected.

For a e-cyclopentadienyl ring, M~—<m!, we expected to observe two absorptions

with areas in the ratio of 4 : 1 at chemical shifts of about —+-0-8 and +4-4-2 relative to

26) A, Sarka and C. P. SLicHTER J. Chem. Phys, 22, 26 {1954).
B0 Cf. C. A. Courson Quarrerly Reviews 1, 144 (1947},
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penzene, characteristic of olefinic and methylenic hydrogens respectively. Cyclo-
entadiene itseif shows such absorptions. . . R e
For the compounds noted above, for which otl'wr ev1dence' mc}mates a_o‘—bon ;3
cyclopentadienyl ring, only one peak could be attributed to this ring. For e)}claml_) ei
in the spectrum of m-CiHFe(CO}y0-CoH, only‘ two peaks were observed, at ¢ eimca‘
shifts of -}-0-6 and -F2-1 relative to benzene, w1th’the area ratios of 1 : 1. The latter
peak must be attributed to a m-cyclopentadienyl ring. Qne explanation gf thg fiact
that all the protons in o-rings have the same chemical shift would be t-t:e dlssocug{m_n.
of the compounds into ions, e.g. m-CH;Cr(NO),T, w-C5H5Fe(CQ)2 5 and C;H;™;
the failure of the compounds to react with water and ferrous chloride in tetrahydro-
furan suggests that dissociation is unlikely; however, the corr_lpounds ‘dc? rea;t
with acids and the possibility of a very slow reaction with water is not eliminated,
since if the half time of the dissociated state is very short, reaction may occur
only slowly. An alternative explanation is to postulate that the metal. atonr;} i;s
executing a 1,2-rearrangement at a rate greater 1‘:han tl}e expected chemical sd ;
of 200300 cycles per second; the o-cyclopentadienyl ring may thus be regarde
as rotating, and in respect to n.m.r. measurements all of the protons thus
become equivalent. Since mercury and some transition 1f1e1.:ais are known to fo_rm
co-ordination complexes with unsaturated hydrocarbons, it is possible thalt the ring
rotation occurs through an intramolecular complex (?f the metal atom with the.: -
clectron system of the cyclopentadienyl ring as a transition state. Sucha postulate is of
course not inconsistent with infra-red and chemical evidence for a metal-carbon
localized o-bond, since the rotation undoubtedly would occur at a rate such that the

- metal atom is bound to a single carbon atom most of the time.

3.4, Grignard Reactions

The products and the yields obtained in the synthesis of the n?f_:tal’ftlkyl and aryl
derivitives by the Grignard method are given in Table 2. “Add1ti(_m ’ refers to the
formation of a metal-to-carbon bond and ““reduction’” to the formation of the known
binuclear compounds, (-CgHy)oFeo(CO) and (7-CsHg)sM0og(CO)g. A carettul search
amony the products formed by action of Grignard reagents on m-C I Cr(NO) Br
gave no evidenee of a binuclear compound, although it might well be prepare'd_by
other methods, Tt should be noted that in each case considerable decomposition
oceurs with the formation of tars. The reactions leading to decoqlpositiox} probably
praceed similarly to the attack of Grignard reagents on the carbon-monoxide groups
of meta! curbonyls. 28)

From the lzuhylc it may be seen that yields of addition are higher with dicthyl ether

:  than with tetrahydrofuran, with bromides and iodides than with chlorides, and with

the methyl Grignard reagent than with ethyl or phenyl Gr.ignard reagents. ‘The
Yiekt of uddition product may be explained in terms of the 2].01:101)-. of one mole of ‘Ehe
Girignard rcugunﬁ o a complex comprising one mole of the Gr1gnar<§l reagent with
the uyclopcnt{[ciicnylmetal—lmlogen derivative, analogous to the mechanism potc,tu!ate.d
for the vegetion of nitriles with Grignard reagents.®® In agreement with this
view, complex formation is decreased by a more polar solvent and by the more

gy or

g S0 B L Do, ML L Noss, and . A, McCUSKER J. Amer. Chem. Soc. 67, 82 (1945).
PCLGLSwatn J, dnger. Chent. Soe. 69, 2306 (1947),
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electronegative chloride ion ]Bﬂdll’l“ to reduced yields of addmon relative to reductigy, ;
and decompos1t10n In the addltlon reaction, steric hindrance of the Grignard 1Laaent}i
in the case of ethyl or phenyl as compared to methyl, or of the metal atom in the case of -
7-CsHMo(CO),1 as compared to #-C,H;Fe(CO),l, may account for the observeq -
y:e]ds However, yield studies alone are “har dly sufficient to determine the mechanigy, .
or mechanisms involved, and complex formation is suggested only as a COnVenjeny .
generalization. The reaction of sodium cyclopentddlemde with #C.H; Cr(NO)qBrf‘_
and 7-CyHFe(CO),l produced the respective o-cyclopentadienyl denvau\fes in -
15-209% ym]d but with 7-C;H;Mo(CO),1 no derivative was obtained; no evidengg
for @ molybdenum phenyl compound was obtained either.* These results are per haps -
related 1o the greater steric hindrance at the melybdenum atom and also to electro.
negativity differences, since while cations [7-C;H;Cr(NO)oJ™ and {#-C,H,Fe(CO) JF
have been characterized, a cationic spemes ['n—C H Mo(CO)3]+ does mot appear :

1o exist.
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