
I 

Journ& of Organomdullic Chdmistry, 72 (1974) l-10 : 
0 Elsevier Sequoia S.A., Lausarme - Printed *-The Nethklands 

: . . 

THE COMPOSITION OF GRIGNARD COMPOUNDS 

IX. THE: STRUCTURE AND SOLUTION COMPGSIHON OF CYCLOPENTA- 
DIFNYLMETHYLMAGNFSIUM IN BENZENE AND ETHER SOLtiNTS 

GEORGE E. PARRIS and E.C. ASHBY 

School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 (U_S_A_.) 

(Received November 6th, 1973) 

A monoetherate of cyclopentadienylmethylmagnesium has been isolated. 
Comparison of its infrared spectrum in the 4000-300 cm-’ region with di- 
meth~lmagnesium and dicyclopentadienylmagnesium indicates that in the solid 
state the magnesium atoms are associated via methyl bridge bonds and that the 
cyclopentadienyl ring has approximately DSh symmetry. When dissolved in 
benzene, the methyl bridge bonds are retained, but partial dissociation of the 
ether occurs. There is partial cleavage of the methyl bridge bonds when the 
etherate is dissolved in &ethyl ether. Tetrahydrofuran cleaves the methyl bridge 
bonds completely. Prokon.magnetic resonance and molecular association studies 
are presented to support the above interpretation. Desolvation of the solid 
monoetherate is achieved readily; Unsolvated cyclopentadienylmethylmagnesium 
ret&s the methyl bridge bonds but the symmetry of the cyclopentadienyl ring 
is modified. 

Introduction 

The cyclopentadienyl group is widely recognized to form a variety of 
bonds with metals [l-4] . The factors governing the nature of the ring-metal 
interaction are the number, symmetry and energy of the metal orbitals. In the 
case of magnesium it seems clear that the interaction with a cyclopentadienyl 
ring should be essentially electrostatic [5,6] since the metal orbitals are of such 
high energy that any bond to carbon is ‘highly polar [7, S] . On the basis of 
electrostatic interaction, the approach of a magnesium ion is expected to be 
along the fivefold +xis of the DSh cyclopentadienyl anion. In the.case of di- 
cyclopent&jienylmagnesium; it has been found experimentally that tbe cation 
polarizes the &no?, reducing its symmetry to C’s, -and lowering the ch.arge 
separation bet%een the ions as though a covalent bond had been formed [9] ; 
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h aaditioh td spkrokopic &dies, .&I X-rtiy powder difhaction study 

.' revealed that dicyclopentadienyhiragnesium is isostructur~_with -ferrocene [I 01. 
More recently exan&iation of the tetraethylethylenediamine adduct of cyclo- 
-pentadieny~agnesium.bromide indicated that the cyclopentadienide anion in 
-this co.mSund is undistorted; the magnesiilm atom lies near the fivefold axis 
of-the ring and the bond lengths suggest that the bonding should be described 
in terms of hexacoordination of the magnesium ion [ll] . House and co- 
woikrs 1123 described a bis(tetrahydrofuran) adduct of cyclopentadienyl- 

.phenyhnagnesium which S&IS to fall into this same general pattern. They also 
reported.the preparation of cyclopentadienyhnethylmagnesium as a non- 
solvated compound. 

Results and discussion 

Solid phase studies 
The prominent features of the solid state structure of “Cs Hs MgCH3 l 

(C!, Hs )? 0” can be deduced by comparison of its infrared spectrum with those 
of similar organometallic compounds: dimethylmagnesium [13--151 I dicyclo- 
pentadienyhnagnesium [9], potassium cyclopentadienide [lS, 171, methyl- 
lithium [lS] and dimethylberyllium [19,20]. As shown in Table 1, the 
infrared-active cyclopentadienyl fundamentals of “Cs Hs MgCHs l (C, Hs )* 0” 
are most consistent with DSh ring symmetry. However, slight distortion towards 
either CSU- or C, ring symmetry cannot be ruled out since the additional bands 
e&pect.ed for distortion towards these lower symmetries would be weak and 
would fall into regions of the spectrum where methyl or ether bands occur 
[16,17, -211. DSh. symmetry of the Cs Hs anion is the limiting symmetry for 
weak ring-metal interactions regardless of whether the metal is on the five- 
fold axis (slight distortion towards CSV symmetry) or on the perimeter of the 
ring (slight.distortion towards C, ring symmetry). The methyl fundamentals 
are similar to those of methyl compounds of other electropositive metals 
[18-201. In particular the v(c--H) bands occur at relatively low frequency and 
the ad(CHs.) band is not observed. On the other hand the rS,(CHs) band is not 
split into two bands as noted in the other spectra listed in Table 1. The skeletal 
vibration G&on (600-300 cm-* ) is dominated by several intense bands due to 
vibrations of a system of methyl bridge bonds. When the bridge bond system 
(A) is treated as a group with I&, local symmetry, vibrations belonging to the 

CHS 
\ 

Mg/ .Mg,. (A) 

..>CHi 3 

B m,&ut =dBa ined ucible representations are expected to be infrared- 
active [13-151. 

Desolv&i6n-of “Ci Hs MgCH3 - (Cz Hs jz 0” under mild conditions to yield 
“Cj H; M&H3 ” has little effect upon the methyl fundamentals or skeletal 
&rations. -HoWeve& there are noticeable changes involving the cyclopenta- 
&&y~.fu&W@&k$ in&ding reduction of the intensity of the Y(CH) b&d, 
.&hi&r lead to the suggestion.that the unexpectedly easy desolvation is facile; 
&$cd by &&&I& .reorganization in the cyclopentadienyl group. 
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TABLE 1 

COMPARISON &F INFRARED SPECTRA OF METHYL AND CYCLOPENTADIENYL ORGANOME- 
TALLIC COMPOUNDS a,b 

Vibrations (CHsLi)q f CWH3)zBel n ’ C<CH~)ZMSI n “CpMsC!H3* “CsX&CH3” 
Et2 0” 

Methyl fundamentals 

N-0 2840 2912 2850 2865 2860 
2780 2885 2780 2790 2790 

5d(CH3) 1480 
1427 

6,(CH3) 1096 1255 1200 1188 1185 
1061 1243 1186 

4(CH3) 835 e 712 860 860 

Vibrations CPKf CpLif CpiMg f*&’ “CpMgCH3. “CpMgCH3” 
(Dsh rinp) (Csu ring) <C5u ring) Eta 0” 

Cyctopentadienyl fundamentals 

u(CH) 3048 3048 3067 3070 3070 
2906 2913 h h 

wx) 1145 1426 1428 h 1418 
(ring deformation) 1120 1108 h 
6 (CH) 1009 1003 1004 1006 1001 
n(CH) 702 779 775 770 

746 758 720 

C<CH3kD=l, d CGQ )ZMgl n “CpMgCH3. 
(D2W (Dzh) Et2 0” 

“CpMgCH3” CpzMg g 

Skeletal vibmtions (above 250 cm-‘) 

567 575 570 575 520 
535 440 517 510 435 
427 400 409 410 
403 310 310 308 
292 

o Throughout the table and the text we have adopted the nomenclature used by Nakamoto [17] to de- 
scribe the fundamental vibrations of various groups: V, stretching; 6, in-plane bending or deformation; ?r. 
out-of-plane bending: p,,,. wagging; &. rocking; Pt. twisting. subscripts “S” or ‘kym” mean symmetric; 
“a” or ‘ksym” means antisymmetric (or asymmetric): “d” means degenerate. The antisymmetric methyl 
deformation 6,(CH3), is also referred to as the degenerate methyl deformation. 6d(CH3). Au h-equencies 
are cited in wave numbers. cm --I. 5 The formuIaes “CpMgCH3-Et20”and “CpMgCH3” where CP = 
CgH5 denote the empirical formula of the materials and are not intended to convey other than the most 
generaI structural information. c Ref. 18. d Ref. 15.19 and 20. e In the gas phase methyl rocking modes 
have been assigned at 1086.1032 and 816 cm-l. f Ref. 16 and 17. g Ref. 9. h Detection impossible due 
to other absorptions in this region. 

The stability of solid “Cs Hs M&H3 - (C2 I& )z 0” was investigated by 
thermogravimetric analysis. The finely ground sample was placed on the balance 
in an argon atmosphere. As the furnace-was evacuated at 25”, a rapid loss of 
weight was observed and a condensable gas, (C, H5 )2 0, was evolved as indi- 
cated by the shaded area on the extreme left of the pressure plot in Fig. 1. 
After four hours the pressure before and after the liquid nitrogen trap had 
equilibrated_ Heatirg was begun at a rate of one degree per minute. Between 
approximately- 60” and 140” the sample sublimed out of the crucible. Sublima- 
tion of “C5 Hi MgCH3 ” is accompanied by substsdntial disproportionation to 
(C, Hs )2 Mg and (CH3 )LMg. House and co-workers [ 123 sublimed “Cg HS - 
MgCH, ” into a mass spectrometer and observed that the peak for-[ (C, HS )2 Mg]: 



Fig. 1; Tbezmogzavimetric analysis and differential pressure c-es for the desolvation and sublimation of 
cyciopentadienylmethylrnagPesium monoeiherete. 

<m/e 154) was s& or s&en times.as lakge as the peak for [C, H5 MgCHB ]t 
(m/e 104):AbQve_ i50” only dimethylmagnesium remains in the crucible and, 
.as we. have observed for pure, -authentic krnples of dimethylmagnesium, it 
dticqmposes in:ttio steps at 250” &nd 300” with loss of non-condensable gases. 
Thti weight lohatios Sue .rotighly 7 to 1 and may- be rkprexkted by the follow- 
ing-skquen$e:of reacti&% o~Ygi@ly proposed some years ago [22] : 

250° 

(CR PQ _ “.CHi Mg” + CH4 .- 

.“CH, Mg” %.,::Ctig”.+_H, 
: 

:. --:’ .I. T&e o+ta@i@~.fe&ure~ Of cyclop&adidyknethylmagnesium~zqono- 
etb&ra&eG’dGduced from the :&per+nents &scribed above are incdrpc@xd in 
.t@k &ructurkzpi!opdskd in Fig.1 2;. .:_- .... : : . . ;- ; .. : 1 : : 

:. .i I - .~ -. ..- : _.._- 
&&&&&&- ::, :- . . :_I ; .. :... .:. : ] ._: I -_ :_: :_ II .I . . ._ 
-1.1. ~~~l~@~,$ig.. 3, t@e..*$ spe;c&ra of. thg skeletal.CHS --kig re@on.of &l&$~s 
of- cy~lo~n~~~ny~~~y~~~~~~ .niotio$heiate i.s compared with the @id 
states&z&&&& &&ger..&id.$&sher : [ 23i, &&e; showq that. motio&e& di- 
.,~t~~~~~~~~‘,diethyl.-ethei_ Oir’&r+y+f&an h&-a s$gl~~~~~_~~& &nd. 
&$t$p&&?@&% gZ@ jSk?~~_~ ‘$&i@z@t+d. c&+$f ethers~~~~i~_~..~I..th~ +d -- ~_ :. : _ -_ ..: .::. -- : 
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Fig. 2. koposed solid stat& stru&e of ey~lopentadienylmety~~~~~- monoetherate deduced from 
infrared spectroscopy_ : 

state; where dimethyhqguesium exiks as methyl bridged polymers, $n addition- 
al band at 593 cm-’ was observed due to the methyl bridge system. A single 
band. is observed in the spectkn of the tetrahydrofuran sohition of “Cg HS - 
MgC& l (C, I& )2 0”, (A) at 490 cm-’ . In concentrated diethyl ether solution 
(B) additional bands at 5’70,520 and 400 cm-’ appear though theband at 490 
cm-’ is still prkdomina& In benzene (C) the ba&% at 575,520 and 400 cm-’ 
are more intense and the spectrum is very similar to the solid phti spectrum 
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600 MO- 400. 

cm-’ 
Figi 3. The i&bed spectra of cyclopentadienylmethy~~~~monoetherate bet&e& 650 Ad 350 
~m-~. A. Tetrahydrofuran solution. B. Diethyletier solution. C. Benzene solution. D. Solid (nujol mull). 
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.@);,Thus, the in&x&d spectra suggest that cyclopentadienyhnethylmagnesium 
monoetherate dissolves in benzene with retention of the methyl bridge system- 
deduced in the solid state structure. On the other hand, polar solvents, such as 
cliethyl ether and &uticularly tetrahydrofuran,~cleave the bridge bonds according 
to Equilibrium 1. Ebullioscopic molecx&r association studies in ether support 

CC; Hs vgdlj; - (C, H5 )Z C] 2 + Z(Cz H5 )Z 0 * 2Cs HS MgCHJ -2(C; HS )*C (I) 

this c&l&ion since the apparent molecular &eight in diethyl ether is 1.70 
times the.monomeric molecular weight near saturation (O-ill M) and decreases 
with dilution approaching the monomeric molecular weight at infinite dilution. 
In tetrahydrofuran the ether is apparently completely replaced by tetrahydro- 
fixan and Equilibrium 1 is dr&en far to the right. It has been reported that 
“Cs HS MgCH, ” is monomeric in tetrahydrofuixn over a wide concentration 
range [12 J _ It is likely that clisolvated monomers arethe predominant species 
in tetrahy~ofuran solution. 

Tnro lines of evidence suggest that ether l&%ally dissociates iiom the me- 
thy1 bridged dimer of cyclopentadienyhnetbylmagnesium monoetherate in 
benzene solution according to Equilibrium 2. The apparent molecular weight 

CC, H5 M&J& - (C2 J35 12 012 =+ (C5 H5 MgCH, 12 - ((32 H5 12 0 + ((32 H5 12 0 (2) 

of cyclopentadienyhnethylmagnesium monoetherate as determined by cryo- 
scopy in benzene is 1.26 to 1.29 times that of the solvated monomer in the 
concentration range 0.100-0.233 M. This result by itself does not distinguish 
between Equilibria 2 and 3, although the infrared spectra in Fig. 3 have revealed 
that the methyl bridge bonds remain largely intact in benzene solution. Direct 

lC5 H5 WC-b - (C2 H5 )Z 012 * X5 H5 MgCHJ - (C, H5 )2 0 (3) 

evidence for dissociation of ether as suggested by Equilibrium 2 comes from the 
infrared spectra of cyclopentadienylmethylmagnesium monoetherate in benzene 
between 1200 and 1000 cm-’ as shown in Fig. 4. In addition to 6,(CH3 ) at 
1190 cm-’ and 6(C5 H5 ) at 1005 cm -’ , there are five ether skeletal vibrations 
in this region near 1145,1115,1087,1045 and 1025 cm-’ [24]. The intensities 
of these bands depend upon the conformation of the ether molecules [13, 251. 
For free diethyl ether diluted with benzene these bands are broad and overlap 
due to the presence of numerous slightly different conformers and the band at 
1115 cm-’ tends to be the most intense, (C). In the solid state spectrum of 
“C, Hi MgCH3 - (C, H5 )2 0”, the ether bands are sharp with characteristic in- 
tensities since the ether molecules are constrained to a preferred conformation 
(A). The ether spectrum for cyclopentadienyhnethylmagnesium monoetherate 
inbenzene (B), consists of five moderately sharp bands superimposed on a broad 
-envelope of absorption. The envelope absorption is assigned to free ether mole- 
cules, while the sharper peaks are assigned to coordinated ether. Comparing the 
relative intensities of the sharp peaks in Spectra A and B suggests that the pre- 
ferred conformation of the coordinated ether molecules is different in the solid 
state and in solution. 

‘. ---As keeti ;1 Table 2, the proton magnetic resonance signal for the C5 H5 
-goup _of ‘Z, H,MgCD, - (C2 H5 )2 0” is sensitive to -the solvent employed ._. _-._ ..-. __- 

-r ... . . <~. ._ -._... : _.,. .._ _ ..: 
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Fig. 4. Effect of coordination on the skeletal bands of dietbylether. A. Solid CyclopentadicnylmethyImag- 
nesimn monoethemte. B. Benzene solution of cyclopentadienylmethylmagnesium monoetherate. C. Ben- 
zene solution of diethyletber. 

TABLE 2 

PMR SPECTRA OF CgHgMgCH3-<C2H5)20. <CsHg)2Mg AND <CH=&Mg IN TETRAHYDROFURAN. 
ETHER AND BENZENE<TOLUENE) = 

Compound solve& 

“C~H5MgCH3*(C2Hg)2O”Tetrahydrofuran 
Diethyl ether 
Benzene (toluene) 

Gs Hs )2Mg TetrahYdrOfuran 
Diethyl ether 
Benzene (toluene) 

(CH3)2MB d Diethyl ether 

Chemical shifts (7) b 

CsHs 

4.13 (4.13) c 
4.03 
3.67 

4.13 (4.13) = 
3.99 (3.99) = 
3.85 

CH3 

12.13 (12.10) = 
11.70 
11.17 

11.00-11.40 d. 
<bridging) 
11.60-11.75 d 

Tettiydrofuran 
<terminal monomer) 
11.30-11.35 d 
<monomer) 

4 AR spectra recorded at ambiknt texq&atuie. b Benzene int-lst&dard (2.70 7). c F=om ief. 12. ’ 
d Fro16 ref. 26. 



ai is the signal for (C, Hs )2 Mg. Temperatures aslow as -80” have little if any 
effect upon the CS HS signal of these compounds in the stated solvents. The 
methyl proton resonance of “C& H5 MgCH3 - (C, H5 )2 0” is also solvent sensitive 
as would be expected from-Equilibria 1 and 2 [26]. The strong anisotropic field 
of ‘the CS Hs group. can potentially shield or deshield the methyl group depend- 
ing upon the relative positions of the two groups. In tetrahydrofuran where the 
principal species in solution is the solvated monomer of “C5H5 MgCHS “, the me- 
thyl groupappears to fall within the shielding cone of the C5 HS group though 
it is not necessarily on-the fivefold axis of the ring as previously suggested [12] _ 
In view of Equilibria 1 and 2, the interaction of anisotropic and local diamagnetic 
electron shielding upon the observed methyl proton chemical shifts in diethyl 
ether, benzene or toluene is not easily predicted. Although assignments of 
chemical shifts cannot be made with certainty, the following assignments appear 
reasonable and are consistent with both the Srared and molecular association 
studies. The low field position of the Mg--CHJ protons in benzene-or toluene 
solutions~(ll.17 7) is characteristic of a bridging methyl group and there- 
fore is consistent with the methyl bridged dimer which has been proposed. 
On the other hand, the bigb field position of the Mg-CH3 protons in tetrabydro- 
furan (12.13 7) is characteristic of a terminal.methyl group and therefore is con- 
sistent with the proposed monomeric structure in tetrahydrofuran. There is 
little temperature effect upon the methyl signal in tetrahydrofuran or toluene 
at temperatures as low as -80” ; however, in diethyl ether three signals were 
resolved (11.66,11.88 and 12.02 7) at -65” in the ratio of approximately l/1/2. 
The highest field signal is probably due to a solvated monomer of “C& Hs MgCH3 ” 
whereas the two lower field signals are probably due to the methyl signals of 
the mono and disolvated dimer (eqn. 2). The two lower field signals disappear 
when the solution is allowed to stand at -65” simultaneous with the appearance 
of a white precipitate. When the solution is allowed to warm to room tempera- 
ture, the precipitate redissolves. Presumably the higher molecular weight dimeric 
species precipitate at low temperature leaving the lower molecular weight mono- 
meric species in solution. 

Experimental 

Preparation of cyclopentadienyImefhylmagnesium monoetherate 
All manipulations involving methyl- or cyclopentadienylmagnesium were 

carried out under a nitrogen atmosphere. Even the briefest exposure of mag- 
nesium cyclopentadienides to oxygen results in a red color. Hydrolysis in the 
absence of oxygen results in a yellow color. Freshly distilled cyclopentadiene 
(16 ml) was added to an ether solution of dimethylmagriesium (0.1 mole/ 
200 ml) prepared from dimethyhnerky, The reaction mixture was allowed 
to stand undisturbed at 20-25”. Methane evolved slowly and was vented 
through a mineral oil bubbler. After five days, a deposit of large, translucent 
crys@ had-formed. The crystals were filtered, washed with ether and dried 
briefly in a @r&m of nitrogen. A weighed sample was analyzed for methane to 
magne@~~r&io.and- for percent magnesium by-vacuum hne techniques and 
EDT+Lti@atitin. The result was CH, /Mg, 9.96/1.00. Found: Mg, 13.7; 
.“C5 HS MgC!H, ; (C!; H5 )* 0” cat&l.: Mg, 13.6%. The yield of the morketherate. 
vas 10.1 g or 57% based- on the~dimethyhnagnesium. 



Dicyclopentadienylmagnesium was prepared similarly using longer reaction 
times (8 to 10 days) and a large excess of cyclopentadiene. The soluble compound 
was isolated by.removal of the solvent under vacuum. The product was purified 
by repeat&d sublimation in vacua at = 100”. 

Desolvation of cyclopentadienylmethylmagnesium monoetherate 
Large crystals (= 0.1 g each) of “C5 Hs MgCH3 l (C, H5 )2 0” were desolvated 

on a vacuum line under a dynamic vacuum of = 10e4 mm at 20-25”. In three 
hours a 13% weight loss was observed, after one day the weight loss was 36% 
and after three days, 44% (theoretical weight loss is 41.5%). It was found that 
finely ground material could be totally desolvated in a few hours. Slow sublima- 
tion of the sample, as in the thermal analysis experiment described below, re- 
sulted in volatilization of (C, H, )* Mg and a small amount of Cs H, MgCH, , 
leaving behind almost the theoretical amount of (CH3 )* Mg. 

Solubility 
It was found that cyclopentadienyhnethylmagnesium monoetherate is 

quite soluble in tetrahydrofuran and benzene (> 0.5 M) but much less soluble 
in diethyl ether (z 0.12 M). When the ether was removed from finely ground 
“C, H5 MgCH3 - (C, HS )* 0” at 20-25” and the resulting “C5 Hs MgCH3 ” 
covered with benzene and allowed to stand for six days at ZO-25”) only traces 
of CSHg-- and CH,- were detected in the benzene by PMR. No ether was 
detected in the benzene. The solidxapidly dissolved when ether was added. 

Physical studies 
The association of these compounds in benzene was studied by cryoscopy 

in an apparatus modified for handling air sensitive compounds_ The association 
of “C5 H5 MgCH3 l (C, HS )* 0” in diethyl ether was examined by the ebullio- 
scopie technique developed in this laboratory [27]. 

infrared spectra were recorded on a Perkin-Elmer 621 spectrometer. Solid 
phase spectra were taken in fluorolube (4000-1350 cm-’ ) or nujol(1375-200 
cm-’ ) mulls between cesium iodide plates. Solution phase spectra were obtained 
using 0.1 mm path length potassium bromide cells. A matching cell containing 
solvent was placed in the reference beam. 

Proton magnetic resonance spectra were recorded on a 60 MHz Varian NMR 
spectrometer at probe temperature_ Low temperature spectra were recorded on 
a 100 MHz Jelco NMR spectrometer. 

All solvents were distilled from reactive hydrides prior to use (benzene and 
toluene from NaH, tetrahydrofuran from NaAlH4 and diethylether from 
LiAlH4 ). All spectroscopic samples were prepared in a nitiogen filled dry box 
equipped with a recirculation purification system. Sensitive manipulations were 
generally carried out in the dry box or at the bench via syringe. 

Thermal analysis of cyclopentadienylmethylmagnesium etherate and di- 
methyhnagnesium was performed on a Mettler Thermoanalyzer II modified for 
differential pressure recording at reduced presssure. The furnace was kept under 
a dynamic vacuum during the thermal analysis. The evolved gases were passed 
over a thermal conductivity detector through a nitrogen trap, over a second de- 
tector, and then through a second liquid nitrogen trap to a mechanical pump. 
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‘JI’l++p@.sfk&:~h& thermal Cqqductiviiy detectors w&e cogpared. If zi non- 
.cotidehsahJ~&s Such..+ Hi or-C% w&.+ evplved the@ was~little pressure lag at. 
the’$econd detector caused by the intervening liquid nitrogen t@p, On the other 
-ha&d, the evolution of a condensable-gas such .as (&Hi )2 0 was obserired at the 
first detector but not as the second. A large.weight loss with little or no pressure 
effect was indjcative:of sublimation of .the sample from the crucible to cooler 
parts of the. app&tns;: A-d&&led description of this apparatus can be found in 
a-recent. publication .from this group [ZS]. 
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