
37 4 JOVRSAL OF ORGASOMET_ALLIC CHEMISTRY 

THE MOLECULARSTRLXIXRES OFT\\-0 ISOMERS OF Fe,(CO),(C,H,C,C,H,),’ 

ISTRODUCTLOS 

Compleses of iron carbon-1 having more than one iron atom are read+- obtained 
bv reactions involving iron tetracarbonyi, Fe,(CO)I,. The reaction with diphenvl- 
&et_vIene in methanol I;ieI& a x-iolct form of Fe,(CO!,(C,HSC2C6Hj}px_ In boiling 
benzene or petroleum ether, howe\-er. the \-iolet comples undergoes rearrangement 
to a more stable black isomer. 

These new three-center complexes lvere submitted to this laboratoc- for 
structure determination b- \V. Hiibel of I_*nion Carbide European Research As- 
so&&_ It was, known that the black isomer has C-O absorption bands in the infrared 
at about 5-40 _u, in the region of carbon-l-bridge srrc-tching frequencies, while the 
violet form does not_ =ilso. the black isomer decomposes zt 150’ to the yellow comples 

Fe,(CO!,(C,HSC~C~H,)=, a compound thought to have the same basic structure as 
Fe,C,,O,H, as determined by Hock and SIiI!s2. The blnck isomer was therefore l)re- _ -_ 
slImed to be structuralI>- similar to the Hock and Mifl_; compound, but for the vi&t 
isomer no structural inference K?.S available other than the abwncc of bridge carbon\-Is. 

The unit celI drtta for both isomers (Table I) were nxsured by use of 3 :ingk 
~stai orienxr mounted on a Generrti Electric SKD-5 diiiractomtrer. The accurnc\- of 
r&e ceil parxm_=:crs is about the smt’ as is obtained bi- rhe more rrszal film mcihbds. 

The ccstal of the black isumt.r chosen for the diffraction stud?- was close ro a 
rxtangular parallelopiped of dimen_sions 0.1s mm o. I I mm 0.06 mm. The riolet 

crystal u-as of about ?he same size but ~wne~~hnt less r+ykx in shape_ 
The data for both compounds wer.. -= obtained wirh Zr-filtered MO radiation and .a 

G-E. scinti:Iation counter. The sstionan--cc-srnl, stationan--cnuntt’r method wits 
LLSS with paniculzr czre to meet the I-arious criteria for coll&ing accurate inttxgrnted 
intensitie3. _-! good surce prolik pmv-cd to be the most important requisite for a 
smooth-topped diffraction curx-e. The take-off angle V.-P.; _; degrees, allowing a negligible 
spzxtion of the z~-z= doublet at the masimum value of ZG used. The corresponding 
errors shouId not escrwd 5 “; in the intensit>4 and should affect mainly the temperature 
fxtor. 

* I%zxsxtrti at the rtnnuat meeting of the _\merican Cr~-st.ailographic Association. \YIlanova 
I’nivczsiz?;. Viliznor;l. Pa.. June ~.S-zz, x&z. 

-* I’rent ;iddrcss: Chemistry Dcpartmenr. Unix-crsity of the Ibdic, Stockton. California. 
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All reflections were counted for a constant time, which results in poorly- de- 
termined weak intensities. Also. several hundred counted intensities (Table I) for 

both crystals were found to be no stronger than background_ The background was 

estimated in two different ways as described below. 

STRCCTL-RE DETER.\IIS_ATIOS -*SD REFISEMEST 

For the black form, the three-dimensional Patterson function was fn-st calculated 
with a general IBM-7090 program written b>- -1. Zalkin. The symmetq- was assumed 
to be 1%,/c, SO that in general the three iron atoms of the molecule would lead to 21 
ilra\-?--atc,n;-llea\-?--atom peaks, escludin, m the origin, in the as\-mmetric unit. It was 

thtn powible to account ior the major features of the Patterson b!- assigning the three 
hea~?_-ato;n positions_ The hea\-\--atom-light-ntom interactions amounted to onl_v a 

toierabk noise background. 
The light atoms of the black isomer were locateci b>- i;evcral c\-cIes of Fourier 

refinement. Se-.-era1 of the carbon atoms were not ~~11 defined and the cliscrepanc> 

iIldt__\; i\r = \‘ ITabs - Is-calcd i. ‘1 f--obs \vouId not improl-e beyond 0.27. Two 
cvcles of ka_? -I squares. in which only the parameters ior the iron atoms were x-aried, 
risultcd in an improvement of i? to 0.1s. Full-matris least squares was then applied 

to a trial structure including all of the atoms, and this resulted in successful con- 

\-crgcnce to a final IZ value of O-OS;- for the 1510 reflections of non-zero weight. 

During the refinement it XLS discovered that IS of the original measurements 
xwre ~criou4\- affected b\- streaks from nearby strong reflections. These measurements 
were given zero weight in the final refinements. The final position parameters and 
itrnpcrature factors alon, = with the estimated standard deviations are gi\-en in Table a. 

The same general approach was made to the structure determination of the 

\-iolct isomer. Howe\-er, greater diflicult!- was encountered in obtaining the correct 

heax->--atom positions_ An xsignment of the iron-atom parameters was made which 
seemed to gi\-e a good fit to the Patterson, but repeated attempts at Fourier refinement 
met xvith no success. \\?thout abandoning the space group assignment of Cz/c. a new 

set of hea\-y-atom positions was arrix-ed at that soon pro\-ed to be correct. The cause 

of difficult>- was that they parameters of the correct assignment are cIose to either 
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one-quarter or zero, and that the z parameters are all about equal (Table 3)_ This 
f2ct cases the Patterson peaks to be grouped together in 2 w2y that is not easy 
to wxfold. 

-4 refinement of the hea\->--atom parameters was carried out b>- ieast squares 
before any light atoms were iocated_ _Xfter this calcrrlztion, all of the light atoms of the 
stmcture were located easily by Fourier refinement_ Full-matris Ieast-squares re- 
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TABLE 3 
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finement forthecompletestructurebroughtthe R index to 0.127 for 1619 reflections 
of non-zero weight. Again, a few reflections that were badly overlapped or missed 

weregiL-en zero weightinthe refinement-The final position parameters andstandard 

deviations for the l-iolet isomer are gil-en in Table 3_ 

The Ieast-squares weight assigned to each reflection from the violet compound 

was proportional to the expression [C - Sj/[C f (B/3)1, where C was the count 

J. Or&atxomelal. Chem., 3 (1965) I7+-zS.+ 
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obsemed at the peak position and B was the average of counts made for the same 
time as C at hvo opposite nearby points along the a@ streak (-1 more esact treatment 
would of course take account of the variation of the Lorentt and polarization factors 
with &-) Reflections that counted no higher than background were given zero weight. 
For the black compound, B was estimated from a general sun-e\- and used in the same 
weight espression- 

Part of the difference betmzen the two final X values (0.127 for violet as against 
o_oQ for black) is surely due to difference in accuracy of the t\x-o methods of estimating 
the back_ground, but other differences between the two structures and sets of data are 
clearl>- considerably more important. If the least-squares refinement had been properl>- 
made on the txsential observations-the counts of peaks and background levels-the 
two structure determinations of isomeric substances with identical atomic composi- 
tions of the primitive unit cells (and asymmetric unit:) would prcbably have afforded 
an interesting practical test of the two methods; the actual refinement on I=. un- 
fortnnately still rather conventional. lea\-es the effect of the various differences 
hopekssl_v mised. 1Ve can only mention some of the advantages of the general sun-ey 
while indicating how it was made and how its drawbacks were overcome. Background 
counts twice as long as the peak counts were made at suitable, usually varying inter- 
\-als in 20 and the goniosta; angles @ and z, such that routine linear interpolation on 
the computer would presen-e good accurac>-. The necessary spacings in @ and z were 
ver\- broad. in 30 Iess so. Care had to be taken to a\-oid Bragg peaks and the associated 
streaks, and tfJ allow for significant streaks underl_\in g the peak counts especially for 
some of the inner reflections, but this x\-;~i not 50 difficult az~ might be expected_ The 
twofold ad\-antage of the anr\-e_ is that a great overall saving in time is realized while 
the resulting background counting accurac>- is easily made as high as could be desired- 
,\ctuall>--, the separate bacl-gmound counts for the violet compound were longer than 
optimal relatke to the peak counts (hardly any time could in fact ha\-e been sax-cd b- 
making them shorter) ; e\-en so. the countmg precision of the sun-e\- background ~-a3 
alwax- at Iea5-, z-5 good and would generally have justified weights for the weak non- 

zero reflections about a third higher than were wed. 

The central feature of the structure of the black fc)rm of ~eJ(CO)J(C,HjC,C,Hjj-r 
(Fig. I! is the ferrac~clopentadiene rin g with the unique spect of -x-bond fomiation 
to iron atoms on both sides of the ring. This arrangement is absent in the I-iolet 
form (Fig_ 3) and. in a sense. represents n fmal stage in the stabilization of the original 
iron-carbon\-I-acetylene sysrem. 

The estimates of the errors in the bond distances and bond angles of both isomers 
(Tabis 4.5.6. and 7) were made assuming that the error_;, are isotropic. An inspection 
of the least squares resuIt> confirmed that this wz a reasonable assumption_ 

-Aside from the twisting of the phen>-I groups out of the plane of the fix-e-member- 
ed ring, the symmetry of the molecule of the black form is close to Ct,. One mirror 
plane is defined by the five-membered ring and the other by the iron atoms. The 
tw&s of the phen_v1 groups, all b>- about 55 ’ (Table S) and all in the same sense, upset 
thG syrnmetc--. Sea&- octahedral bonding of the carbon atoms to Fe, prevails (Fig. a). 
the 77’ angle in the five-membered ring representing the greatest deviation. 
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Fig. -(_ Sumbering system for tht vioIet iumer. 

J- Orpwau~id. Chrm_. 3 (rc~6g) r?+-s.~ 



BOSD DISTASCES IS THE BL_?CK ISOMER 
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l-_\BLE 7 

ROSD .kSGLES IS THE \XOLEi ISOMER 

Fe,-Cl-O, 
Fe,-C,-0, 
FC?,-C;-O; 

Fe,-C&Z& 
Fe,-C,-0, 
C,,-C,-C 
C,-C,,-C:: 
CI1-C,,-C,, 

Cl,--C,5-% 

The triangular structure for Fe,(CO) L2 proposed b>- Dahl and RundIeS*, suggests 
a simple picture of the reactions ieadin g up to the formation of the ferrac_vcIopentadi- 
ene ring The structure of the violet compound (Fig. 3) is then cIosel_v related to the 
individual structures of both reactants and can be viewed as simply a double sub- 
-c&x&n ofFe3(CO) 1z by diphen_vlacetylene. The MO diphenylacetylene groups remain 

_ The .stncture of Fe,[CO,krz is not entire!y certain: the quadrupoic splitting and chemical 
shift in tie Mk+auer efiec+= seen~~ to demand a linezr structure. bet the S-ray evidence5 rules 
out this pssibilit>-. 
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TABLE 8 

ISFGRXITIOS OS THE PHESTL GROUPS OF BOTH ISOMERS 

Black isomer 
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.01g I._” I 6s= IQ= 

.006 2.6’= 36’ 12’ 
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_ Positix-e toward Fe, and negatix-c an=>- from Fe,. 

clearly separate (note the interatomic distances in Table 6), and it is the rearrangement 
to the black compound that represents the synthesis of the butadiene unit as well as 
the ferrac>-clopentadiene ring. 

The twists of the phenyl groups given in Table S are actual& inter-planar angles 

between phenyl group and a reference plane, and must be regarded as resultants of 
both bending and twisting motions. The bendings are negli@bl_v small for the black 

isomer but not for the violet isomer. For the black isomer the reference plane is the 

least-squares plane of the ferracyclopentadiene r-in,, CJ- for the violet it is the least- 

squares plane of the four acetylene carbon atoms. The bend angle in each case is the 
angle between the reference plane and the C-C bond line to the phenyl goup_ In 
the black isomer, as in tetraphenl;lcyclobutadiene iron tricarbonyP, the twists in any 

molecule are all of the same sense, but not so for the I-iolet isomer. Two phenyls on 
an\- one diphem-lacetvlene group are twisted in t!re same sense to avoid an obvious 
steric hindrance_ The separation of the two diphenylacet>-lene groups clearl\- allows 
adjacent phenyl groups on opposite sides of the iron plane (on C,,, and Crr, for instance) 

to ha\-e opposite rotations without incur-r-in, = steric hindrance. but it is not clear wh> 

t!rat ,arrangement is adopted in preference to the other. Goodness of intermolecular 

packing is I-cry probably decisive. but the de\-iations on the bends and twists (Table 7) 
from C,, s1-mmetr-y and the retention of approsimate C, symmet~- suggest that 

relative ease of intramolecular distortion may be important too. \Ve have not followed 
up this point in detail. -1s for the indi\-idual angles of twist, inspection of all of the 

interatomic distances in the molecule re\-eals that the actual angle of twist for each 
of the phenyls is such = to equalize as much as possible the distances to the carbonyl 

groups in the same molecule_ The shortest intermolecular contacts in both forms are 
between osygen atoms; how-e\-er, a few carbon\-1-phenyl contacts may be close 

enough to affect the balance of forces on the phenyl groups. 
The further information on the phen_vl groups, in Table S, shows that they are 

all regular planar hesagons to the accuracy of the determiuation. The best least- 

squares plane was calculated in each caie to determine the degree of non-planarity. 
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The average angle at each carbon atom is within 0.0 4’ of 120~ escept for the phenyl 
group at C, in the violet isomer, for which it is I rg_7S’_ The average deviations from 
the means are about those espected from the feast-squares estimates of the standard 
deviations_ 

The isomerization of the violet compound results in the formation of a butadiene 
unit, a recurrent theme in the chemisttr\- of the acetvlene-iron-carbon?_1 complexess~lO. 
With the help of the present structure determinations it is easy to x-isualize the rc- 
arrangement in terms of more or Iess simultaneous breaking of an iron-iron bond. 
formation of the butadiene bond, and formation of new iron-carbonyl (bridge) bonds, 
but neither the esact sequence nor the necessar?; amount of thermal activation enera? 
is clear- More interesting than further speculation, in fact, would be a determination 
of whether the rearrangement is indeed an uncatal~zed. first-order reaction or not. 

The authors wou!d Iike to thank the coders of sex-era1 computer programs: 
_a_ ZALKLS for the Fourier program; TRVEBLOOD, SPARU and GASTZEL for Icast 

squaws; _a. La~zos ior goniostat settings; \\'. H. SCHJIII)T and R. E. DAVG for 
least-squares pIanes_ AIso, we wouId note that I\‘_ HCBEL and G. S. D. KISG of Union 
Carbide European Research _kswciates supplied tile ccstaliine samples along with 
the de&t& and preknina+- cc-stal!ographic data. 

The reaction between Fe,(COi i2 and diphenylacet>-lene produces a violet 
compound F~,(CO!,(C,H,C,C,H5! = which readiIv tmnsforms t0.a more stable black 
isomer_ The present S-rav structure dcterminnkons have revealed the nature of the 
bonding in thse new thrie-center comp!eses. The diphenylacetylene molecules in the 

vio!er isomer remain separate. being located on opposite sides of the triangle of iron 
atoms, while thtv unite to form a izrrxv-doptn~adiene ring in the black izomer- 


