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Abstract 

Oxidathm of the fen'ocenyl ketol|es FcCH:COR I [Fc = (CsHs)Fe(CsH,~); a R ~++ Ph. b R ++ C~,!4 2Ph-4} with selenium(IV) oxide 
plx~vides only mt~est yields of the corresponding 1.2-diketones I::cCOC()R 2. but substantial yields of the 1.4*butanediones 
RC(KTH(FcX?It(FcK?OR 3 resulting from C+C coupling. Coml~ounds 3 exist in two diastereois,meric forn~:,. ~acemic and mcso. and 
crystal stnlctures are rcpollcd for ra~'+3a, r+w-3b and mvso-3b, as well as for lb. @ 1997 Elsevier Science S.A. 

I. |mrmluclhm 

M~mgmlesdlV) o~idc is a well+established reagen| 
for the oxidation of acyl ferrocenes I::cCOCH ~ R [Fc-+ 
(CsHs)Fe(CsH,+)] to 1.2-diketones FcCt)COR [1+3], 
and we have recently applied this reagent both to Ihe 
oxidation of the ketones FcCH,COR, isomeric with 
FcCOCH, R, |o FcCOCOR for R = Ph, C~,H 4 Ph and Fc 
[4,5] and to the oxidation of file diacyl fetTocene 
F e ( C s H 4 C O C H : P h ) ,  to the b is- l ,2-diketone 
Fe(CsH4COCOPh) ., [6]. Another widely-u.,,ed reagent 
for the production of purely organic 1,2-diketones 
RCOCOR' by oxidation of RCOCH~R' is selenium(IV) 
oxide: it was reported many years ago [2] that attempted 
application of the reagent to the oxidation of ferrocenyi 
mon~-kchme.~ led to complete decmnposition, in a vari+ 
ety of solven: .. althougll the solvents actually used were 
not specified. We have now re-investigated the use of 
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selenium(IV) oxide as ml t~xidant of ferrocenyl kcl(me,~ 
told have found llml oxidation of FcCII,COR I (li)i" 
R ...... Ph m.+l C.II+Ph) with ScO: in acetic anhydride 
yields not only FcCOCOR 2 as a minor prmluct, but 
also ml unexpected coupled producl (FcCHCOR):, 3 as 
tile m~tjor product: we report here tile application of 
SeO~ to a number of fcrrocenyl systems, along with file 
crystal and molecular structure.,; of racemic 2.3+difer- 
rocenyi-i.4-diphenylbutane-l.4-dionc. (FcCHCOPh)~ 
3a. of both diastereoisomers, racemic and meso. of 
2,3-diferrocenyl-i ,4-bis(4-biphenylyl)butane o 1.4-dioae, 
(FcCHCOC, H 4 Ph):, 3b, and of feiTocenylmethyl{4-bi- 
phenylyl)ketone FcCH ,C()C, H 4 Ph I b. 

FcCll2COR FcLX.ICOR 

! 2 

R = ~ b R ++ C~,H4Ph 

FL~?I4COR 
I 

I;cCIICOP 
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2. ~ i t t ~  and discuMion 

2.1. Ox~tion of ferrocenyl ketones FcCH2COR by 
selenium{IV) oxide 

Whereas manganese(IV) oxide readily oxidises the 
ferrocenyi ketones 1 to the 1,2-diketones 2 in practical 
yields, t ~  use of the alternative oxidant selenium(IV) 
oxide, in refluxing acetic anhydride gives rather modest 
yields of the red 1.2-diketones 2. along with a much 
bigger yield of less polar yellow materials. TLC of the 
oxidise4 martial from both la  and lb indicmed ready 
separation of the diketones 2 and ,~howed in addition the 
pre~nce of two yellow products in each ca~. having 
very similar R¢ values in the case of la  and rather 
diffe~nt Rf values tbr the products from lb. In the case 
of the products from hi, only one of the yellow compo- 
nents 21e could be isolated pure. but both yellow prod° 
uct~ from Ib have been i~lated and characteri,~,d. 

The I H ~std I~C NMR spectra of compound 3a both 
contained signals readily assignable to a mona+sub- 
stituted f e ~ e n e  nucleus and a phenyl ring: in addition 
there was the expected CO resonance in the t~C spot+ 
tram. However. the CH 2 signals for the precu~or la  
we~ replaced by signals characteristic of a CH group, 
while file substituted cyclopentadienyl ring of the fer- 
rocene group gave tbur and five chemical shifts respec- 
tively in the ~H and ~C s~ctra, indicative of the 
pre~nce of a neighbouring stereogenic centre rendering 
all five ca~on atoms of this ring chemically and mago 
net|tally distinct. The simplest interpretation of these 
Sl~¢tral data. in terms of o~idation of FcCH +COPh Io 
lhe hydroxyketone F'cCH(OH~OPh,++ was however ease 
ily ruled out by the elemental analysis, and by the 
absence of v(OH) in the IR q~ctmm: mo~over, the *It 
and ~C chem:ical shifts of the unique CH group were 
~ ¢ l y  consistent with the premme of ~ h  OH attd 
CO groups as nearon¢ighbour~+ An altentativ¢ Ibrmula. 
lion consistent with all the spectral and analytical data 
involves an oxidative coupling reaction to give the 
substituted butane+ |.4Mione (FcCHCOPh)~ 3a in which 
a new C=C bond has ~ n  generat~; single+crystal 
X+ray diffraction (~e Mlow, Section 2.3)confimts that 
this formulation is c o ~ t ,  and that the isolated come 
pmmd is the racemic form consisting of equal numhe~ 
of the RR and SS diasteroisomers. 

During the workoup of compound 3a it was apparent 
that Mfor¢ the+ final chromatographic separation e+lch 
pe~k in the 1H and +~C NMR s ~ t r a  was accomtmnied 
by a mu~h smaller peak, of very similar chemical shift, 
Thus tM miaj~ pattern, iderttieal to that of tM pure Ltii 
u+,l for anMytical, spt,mtral and crystMlographic charac+ 
let|sat|on+ was mirrt~red by an entirely similar patient 
with much lower imensities: integration of the ~H spcc+ 
tram indicated a ratio of maj,~r to minor components of 
ca, 7:1, While we have ~ n  unable to isolate sufficient 

of this minor component to characterise it, a reasonable 
hypothesis is that this material is in fact the RS ( - SR) 
diastereoisomer of 3a, i.e. the mesa form. 

The yellow product formed by SeO, oxidation of lb  
had I H and 13C NMR spectra fully consistent with its 
formulation as 3b. The crude yellow mixture exhibited 
a doubling of each signal in the 13C NMR spectrum, 
rather as for crude 2hi. but with the two components of 
each signal having intensities in the ratio ca. 2: I. Sepa- 
ration of this mixture on silica gel gave two pure 
products, both of which gave crystals suitable for single 
crystal X-ray analysis. The less polar and more abun- 
dant component proved to be the RR/SS diastereoiso- 
mer. denoted rac-3b, analogous to that charactedsed 
earlier for 3a. and the more polar, less abundant, com- 
ponent proved to ~ the RS diastereoisomer, denoted 
meso+3b. Thus. the isolation attd structural character|sa- 
t|on of both rac-3b and meso-3b rules out any possibil- 
ity that the observed doublings in the NMR spectra of 
the crude products could be due to the occurrence of 
retainers arising from restricted rotation about the 
newlyoformed C-C bonds, and supports the supposition 
above that the minor compound accompanying the 
|salable ,~  is the corresponding mesa diastereoisomer. 

The formation of the coupled products 3 alongside 
the exacted diketones 2 naturally raises the question of 
tl~ reaction pathway, and two ~ssibilities present 
themmlves. The coupled products 3 could ~ intermedi+ 
ales on the palhway from I Io 2 (Eq. (1)), or aileron+ 
lively pn~lucts 2 and 3 could be+ fi~mled by divergent 
r{~utCs from i ([q. (2))~ 

I 

|+,~+!++l ieOil 
l+ti+!l ll<i))ll 

(2) 

In order to test d)ese possibilities, a sample of racemic 
3a was isolated and purified as already descrihed, and 
then subjected to SeO~ oxidation under precisely the 
conditions employed fi~r the oxidation of In. The teat. 
lion was monitored by TLC but no 2a was detected at 
arty stage during a 5 h reaction time: aside them a small 
amount of decomposition, the 3a initially added was 
~covercd unchanged. Hence we conclude that cam° 
pounds Z and 3 do t!Ol lie on a common reaction 
pathway, and that Eq. (2) hest represents their forms+ 
tion. While the dermis of the route from 1 to 3 in an 
oxidation reacdon occumng primarily at the surface of 
the SeO 2 most be somewhat speculative at this stage, a 
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reasonable possibility is the formation by hydrogen 
abstraction of a radical derived from the enoi form of 1, 
followed by radical coupling (Eq. (3)). 

OH 
I 

FcC2H2COR ~ FcCR=CR 

1 
O" 
I 

I~'CH~CR ~ F~-COR 

(3) 

Fca-ICOR 

FcCHCOR 

The fommtion of the coupled products 3 appears to 
be s~cif ic  for See  2 oxidations carried out using acetic 
anhydride as the reaction solvent. When the monoke- 
tone lb  was subjected to See  2 oxidation under similar 
conditions but using either 70% acetic acid or THF as 
solvent, there was no trace of any 3b amongst the 
products: the isolable ferrocene product in each case 
was the diketone 2b, in yields of 35% and !0%, respec- 
tively. 

2.2. O~idation ~I" other .ferrmenyl precm:vors by sele- 
mumflV) oxide 

Isomeric with the mopokelones 1 are the acyl fer- 
retches FcCOCFI~R, oxidation of FcCOCH, Ph to Fc- 
COCOPh using MnO~ is known to be very slow [5], 
and its oxidation using See2 prove~ to !~ even le.~s 
effective. No oxidation at all was observed when Fc~ 
COCH, Ph and SeO~ were heated under reflux in acetic 
anhydride, glacial acetic acid. or 20% aqueous ace|one, 
although traces of I:cCOCOPh wel~e lbrined hi toluene, 

tlow~v~r, oxidallon of |he pho~phonium sail 
[FcCH(COPh)PPtI:~]' I with SeO~ in 20% aqueous 

CII2 

011 
151 

cm r M " ~ ~ l  

( i 3 

Fig. I. View of molecule I in rac-3a, showing the atom-labelling 
.';cheme. 

Fig. 2. View of Ihe molecule of rac-3b, showing the atom-labelling 
scheme. 

acetone yielded FcCOCOPh in 60% yield: this salt was 
previously used [5] as the precursor to the monoketone 
la  prior to oxidation to 2a and/or  3a. It is thus possible 
t o  eliminate the reduction of this sail to the labile 
FcCH~COPh, and to use the salt directly in a mere 
efficient route to the diketone 2a. Again, the choice of 
solvent is critical: much poorer yields of 2a (typically 
around I0%) were found in neat acetone or in methanol 
or ethanol, and in each case the diketone was accompa- 
nied by a comparable yield of the cleavage product 
FcCHO: in dichioromethane, this aldehyde was the sole 
isolable product. 

2.3. Co'stal and molecular structures of 3a, 3b and Ib 

The racemic form of compound 3a crys|allises in the 
triclinic space group P~i with two ind,,pendent molecules 

Fig. 3. View of lhe molecule oi' mesoo3b, showing the atom°lal~lling 
sCheltlt',. 
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in the asymmeffic unit. The structure analysis firstly 
confirms the constitution of compound 3a and secondly, 
indicates that in each of the independent molecules the 
two stereogenic carbon atoms have the same stereo- 
chemistry, ~ that equal numbers of RR and SS 
molecules are accommodated by the centrosymmetric 
space group. For a molecde of type (Cabc), in which 
the two stereogenic carbon atoms are of the same hand, 
t ~ n  if a. b and e represent mono-atomic substituents, 
there will be a two-fold rotation axis normal to the 
cennal C-C bond, regardless of the conformation 
adopted by the substituents: only if a. b and c represent 
po!y-atomic substituents with internal conformational 
degrees of freedom can the molecular symmetry be less 
than C:. in both independent molecules of rac-3a the 
torsional degrees of freedom, particularly those involv- 
ing the aryl rings (Table 3) preclude exact C: symme- 
try: however, Fig. i demonstrates clearly the approxi- 
mate C, axis. normal to the CI2-CI3 bond and lying 
approximately in the plane of the page. Not only is the 
molecular symmetry only approximately C: but. in 
addition, the four independent =CH(Fc)COPh fragments 
within the asymmetric unit are all conformationally 
distinct. 

~ e  structures of the two torms of compound 3b 
show that the~ are indeed the racemic and meso d.o 
a~tereoisomers. Rac°3b is triclinic, i~. with equal numo 
bers of RR and SS molecules in the unit cell and. just as 
found for r.co3a, the molecules have approximate but 
not precise twootbld ~otational symmetry (Fig. 2 and 
Table 3), The memo fi~rm adopl~ a ¢onl~ntlation (Fig~ 3) 
which I~ approximately, though not preci.~ely. ¢ew 
trosymmetric (Table 3), consistent with its RS confib, uo 
ra~it~n. In each of ra('o3a, mco3b and meso-Jb, the 
molecules have the central H=C=C=H t?agment in a 
tmns conlbrmation; this contbnnation uniquely mino 
imises the steric repulsions between the four large sub= 
stituents ~nded to the central C: fragment, All other 
staggered conlbmlations require the tbur large sub- 
stitucnts to be adjacent, while if the H-C~C-H is 
irons, only pairwise interactions occur between these 
large substituents, 

When characterising the intern~diates along the reac- 
tion pathway from [FcCH,PPh;~]' ! to F c C ~ O P h  
[5], we were unable to obtain crystals of FcCH,COPh 
suitable for single-crystal X-ray diffraction, While con- 
tinued efforts to p~pare suitable crystals of this corn, 
pound have proved unsuccessful, we h~ve now suc~ 
ceeded in obtaining a structu~ tot the closely ~lated 
com!~und lb, F c C H : C ~ H a P h ,  The crystal quality 
for Ib was consistently I~w and a number of different 
crystals them different preparations we~ examined: 
eventually a data set was obtained at 200 K which 
provided a structure of sufficient quality to serve as 
definitive p ~ f f  oi: constitution (Fig, 4), 

In ~ ,  31; and I1;, the bond lengths and angles are all 

Fig. 4. View of the molecule of lb, viewed approximately along the 
five-fold axi~ of the ferrocene unit. 

typical of their types [7,8]: there is evidence in 3a, 
rac-3b and lb for large-amplitude librationa! motion of 
the unsubstituted cyclopentadienyl ring about the local 
five-fold axis of the ferrocene unit and relative to the 
rest of the structure, as observed in some other lnono- 
substituted ferrocenes [9] and consistent with the very 
low barrier to rotation about the five-fold axis in fer- 
rocene itself [ !0]. 

3. Experimental 

NMR spectra were recorded at ambient temperatures, 
in CDCI~ solution unless stated otherwise, on a Broker 
AM-300 spectrometer o~rating at 300. ! 35 MHz for ~ H 
and 75.469MHz for 1~C. Diethyl ether and ligh: 
petroleum (b.p. 40~60°C) were dried over sodium wire. 
Ferrocenyl precursors were prepared .ts previously de~ 
scri d 151, 

3, I ,  O~i¢h, iot, ot~ /i, rro~'enyt kelom's i by ,s~elenim~#{ lV~ 
o~idr 

Typically. tlw UILmI~kL'tOUC I (2~30 retool) was added 
to a suspension of powdered selenium(iV) oxide (0.~ g. 
8.1 retool) in acetic anhydride (I0 cm'), This mixture 
was heated under reflux, and its composition was moni- 
tored by TLC; when the starling material I was all 
consumed (typically ca. 4 h). the mixture was c{~led to 
ambient tem~rature and filte~d, and the ~mdue was 
washed with mo~ acetic anhydride (5 ¢m~). Tile com~ 
bined filtrate and washings were hydrolysed with water 
(20 cm ~) and this solution was neutralised with sodium 
hydn~gencarl'amate, The neutral aqueous solulion was 
extracted with dichloromed~ane (3 ~,: 50 cm ~): this exo 
trac| was washed wilh walcm ° (I(R) cm ~) and dried 
(MgSO~), and the solvent was removed. Chromatogra- 
phy on silica with dichiorome|hane as eluent yi,:lded 
yellow 3a or 3b (typical yidds 55~70%) as Inixlures of 
diaste~otsomers (NMR). fi~llowed by red 2a or 21; 
(typical yields 10-15%), Furlher chromatography of the 
yellow com!~nents on silica using CH:CIz/lighl 
petroleum (3:! v /v)  yielded fi~r 3a, firstly the pure 
racemic product, lbliowed by a mixture of diastereoiso- 
mers, and for 31; each diastereoisomer in pure loam, 
accompanied by a mixed fraction. Anal. 3a (rac/meso 
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mixture) Found: C 71.0, H 5.0; C~ ,H3 .Fe ,O  _, calc.: C 
71.3, H 5.0%: 3b ( r a c / m e s o  mixture) Found: C 76.0, 
H 5.1; C~sH~,~Fe,O, caic.: C 76.0, H 5.0%. NMR 
rac-3a, 6(H) 3.42 (s, IH), 3.95 (s, IH), 4.12 (s. IH) 
and 4,17 (s, IH) (CsH~);  3,60 (s, 5H, CsHs) :  4.78 (s, 
I H, CH), 7.5-7.6 (m, 3H)and  (8.1-8.2 (m, 2H)(C~,H ~): 
6(C) 51.9 (d, CH): 66.2 (d), 67.1 (d), 68.1 (d), 70.5 (d) 
and 82,1 (s) (CsH~),  68.3 (d, CsHs);  128.6 (d), 128.7 
(d), 133.0 (d) and 138.0(s) (C~,Hs); 199.6 (s, CO): 
raco3b, ~(C) 51.9 (d, CH): 66.9 (d), 67.8 (d), 68.7 (d), 
71.0 (d) and 83.0 (s) (C5H4); 68.9 (d, C.~Hs); 126.9 (d), 
127.2 (d), 128.0 (d), i 28.8 (d), 130.0 td), 136.7 (s), 
140.0 (s) and 145.4 (s) (Coils) ;  199.1 (s, CO): meso-3b, 
~(C) 51.9 (d, CH); 66.8 (d), 67.7 (d), 68.6 (d), 70.9 (d) 
and 83.0 (s) (C~H4); 68.8 (d, CsHs);  127.2 (d), 127.3 
(d), 128.5 (d). 129.2 (d), 129.4 (d), 136.7 (s), 149.8 (s) 
and 145.7 (s) (C~,Hs); 199.1 (s, CO). 

3.2. Oxidation of ferrocenyl( c~-phemwylJtriphenylphos- 
l,honium iodMe by seh,niumfiV) oxide 

The phosphonium salt (4.0 g, 5.78 n i n l o l )  was added 
to a suspension of selenium(IV) oxide (7.0 g, 63 retool) 

in 20% aqueous acetone (50 cm~). The mixture was 
heated under reflux for 2h, cooled, and filtered; the 
solid residue was washed with dichloromethane (2 x 50 
cm3). Sufficient water and dichloromethane were added 
to the combined filtrate and washings until two layers 
separatea. The organic layer was dried and the solvents 
removed. Chromatography on silica yielded the dike- 
tone 2a (1.1 g, 3.46 mmol, 60%). 

3.3. X-ray co,stallography 

Crystals of rac-3a, meso-3b and lb  suitable for 
single-crystal X-ray diffraction were grown by slow 
evaporation of solutions in dichloromethane; suitable 
crystals of rac-3b were grown by slow evaporation of a 
solutions in acetone. Details of crystal data, data collec- 
tion, structure solution and refieement are summarized 
in Table I. In rac-3a, there are two independent 
molecules in the asymmetric unit and because of this, a 
careful check was made for possible missing symmetry 
using both the refined coordinates and the derived geo- 
metric parameters: none was found. In addition, the 

Table I 
Sl | l | l l l | i l l~)  ' Of  Cl 'yMi l l  daili, dalll c'ollci:liOll, sti'ili:tur~ sli l i lt ion lilid i~Iillelni;lit details 

rac-.tti rac-3II ,,e,w-3b I b 

(at Cry~ttil dlila 
Empirical Ibr|lluh! C u. H ~. F'e: O: 
Mohir  inliss hO{I.33 
('oluul'. hlibil velltl~x uc¢lll¢ 
{.'ry~ial ~l~+t'~ Ulill I).3 x II.ll7 ~; t).(17 
CI )  Mill <~)' Mt; l l l  TI i¢lillit' 
...~% I-t.8881.1i 

i .  A Iti.h7~ll bl) 
II, i ! lkSl i ( . I  ) 
b. <' 1 f f lS I l l4  I 

g. ' 72,4412) 
V. J%~ 2Xlh(2) 

.~llliCi: gl 'Oli t i  l i i  
Z 4 (IV¢O illth:p, lilolveules) 
/" I( IXI) 1256 
d. , I . .  g cul 1.430 
# .  I i i i l l  I I.O61 
(h i  I)iitil l l l2q l l iMt iOI I  a 
Temp.. K 193( I ) 
Ullit-¢¢ll reflectilln~ ( o-raiig¢ '~) 25 (15.() tll 25,0) 
Max. 3 0 (<') for r~.flectit,ls 51).2 
hid rluige o1' relict:tit,Is O. 16; ..... 2 I. 22: o: 12. 12 
Viu'ilitiOll in 3 Stalidard reflei:tioliS < I.lYt. 
Relict( ions Inlni.~Ul'i:ll 1021 (} 
I ! l l lq l lC I~i: I]Ct:I illll.~ l)71J7 
Reflt2t:tiOliS wi lh I > ].,jr( I ) 5896 
(t~) SIflICIIII°C ~oh l t i i l l l  lu td rl2l°illCIII01it i, 
No. i l l  vilriables ill L.S. 722 
R. R,~ 0,1)49.0.052 
I)ellsity I'llllgC ill l i l i l i l  dtollilli). ¢ A ~ ""' 0.43. O.37 
Max. lhlii l shifl/elTOi" ralio 0.052 

(" .,,4 H ~,~ Fe. l'~: C .,,~ iI ~ M Fe: O: C :., H :,, Fe O 
758.52 758.52 t80.27 
yellow, block yelh,w needle tli+angc, philo 
11 511 x I)30 >( 11.25 0.45 X O. I0 X 11,1)5 ().35 X 11.25 X 11115 

'i'rK'lil|ic' Mol}o¢li| l ic Montwhnic 

12, (} 17 ( 5 ) h, I )34 ( 4 ) 42, h,.t( i ) 

13.4h,1(4 ) 28,08( t ) I I).,i9~l( 14 ) 
I 1,1471N 1 ) 21 ,hi 2!( 7 ) 7,881X I I)) 
!)l~ ,) I (  t ) {)l) gl) 
!O5 ,27 l  2 ) ~Jli, 14(h)  93 ,3 (  I ) 
I 0,t, bill( 3 ) 90 90 

I K25( I ) 374013) 152 I l l  It 

iq  (;c (,2 lc 
2 ,I 14 

788 1576 158<1 
1.3811 1.347 1.434 
11,832 0.1414 1).14f15 

29311 ) 293( I ) 201111 ) 
25 (24.0 m 2S.O) 13 (6.1~ |o I 1.71 I1 (6.5 Io 15.6) 
50.0 47.(I o15.1 
O. 14; .... 15. i5; ~.. 14. 130. h;O. 32; 24.24 0.45'.0. I I . . -  8. I.l 
< I.(Y/, < 1.0')~ < 1.0';~ 

670~ 31 .~h 249(, 

6391 2829 2458 
4599 1682 1484 

409 227 2 ]5 
0.040. 0034 0.070. 0o0{~() 0.090. 0.075 

0.48.0.40 o~, 0.40. 0.92 ,,, (1,7(). 1.02 

O. 134 0,0 °'~ 0,004 

" D:lt:l c:qh:ctio,) on a Rigaku AFC7S diffractometer with graphite nionol:hrtunatised Mo-K,, radiation (A O.7 IO7 )~). 
h All calculatiens were ,nadc using tile TeXsa,I suite of programs [11]. 
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Table 2 
Fr;~titmal ~ coordinates and equivalent isolropic displacement 

(/((~1) = (! /3)" i-viUi iai  a i a,a I 

Atom x y 
~ - 3 a  

z U(¢q) 

Fe(~ I) 0.34916(7) 0.3317,0161 0.83940(9) 0.0406(3) 
~12) O.11579171 0.34729(6) 1.38982(9) 0.0402(3) 
~ 2 1 )  -0.15868(6) 0.35936(6) 0.89522(9) 0,0378(3) 
~ 2 2 )  -0,39082(7) 0.36774(6) 0.34839(9) 0.0439(3) 
13(1 I) 0.3347(3) O. 143213) 1.300415) 0.067(2) 
0(12) 0.2953(4) O. 1294(3) 0.9669(5) 0.069(2) 
~ 2 1  ) - 0.2259(4) O. 1567(31 0,7745(5) 0.068(2) 

0(22) -0. I~4) 0.1679(3) 0.431915) 0.076(2) 
C(I I) 0.2572(5) 0.164514) !.2517(6) 0.044(2) 
C(12) 0.2M2(4) O. 2318(4) I. 1654(6) 0.03712) 
C(13) 0.3216(4) 0.2303(4) 1.0g49(6) 0.035(2) 
C(14) 0.3533(5) O. 1577(4) 1.0085(6) 0.042(2) 
(7(2t) ~ O. 1639(5) 0.1799(4) 0.7347(6) 0.044(2) 
C(22) = O. 1895(4) 0.251 .'114) 0.6586(6) 0.035(2) 
C(23) - 0.2722(4) 0.2533(4) 0.5685(6) 0.037(2) 
C(24) - 0.2436(5) ri. I ~.~4) 0.4797(6) 0.046(2) 
C(I 11) 0.2029(4) 0.305114) 1.2369(51 0.035(2) 
C( i 12) 0,2519(51 0.3291(41 1.3344161 0.050(2) 
C( I 13) 0.2070(5) 0.4078(4) 1.3623(7) 0.054(3) 
C(114) O, 1307(5) 0.4306(4) !.278617) 0.057(3) 
C(115) O. 1263(5) 0.3690(4) 1.2035(6) 0,044(2) 
C(121) 0,0091(7) 0 . 3 0 ~ 7 )  i.424419) 0.086(4) 
C(122) 0.0869(7) 0.2662(5) 1.4933(91 0.076(3) 
C(123) O. 1094171 0.3195(71 1.5721(7) 0.075(31 

124) 0.0442(8) 0.3894(6) 105508(9) 0076(4) 
125 ) = 0.0169(6) 0.3812(7) 1.462( I ) 0.088(4) 

C( 131 ) 0. 2~N~414) 0.298~4) 1.01)2816) 0.037(2) 
C!132) 0.22~41 0,3144X4) 0.9033(6) 0.044(2) 
C(133) 0.2122(51 0.3911(4) 0.8672(71 0.055(3) 
C(134) 0,2707(3) o,4212(4) itS4 I~X 7) 0,(i,~2(2 ) 
C(135) 0,3222(5) 0,3654(4) 1,022'~6) I~,045(2 ) 
C1141) 0450(I) 0 2482(6) (I 1511) O, lilq(St 
C(142) 0.38~3(9) 0.279418i 0.0708(10) 0.097(5) 
C( ! .tli) (),3764(7) 0.3522(7) 0,~12(8) (i>07l~4) 
(~ 144) 0A347(9) ti.3720(6) 0,741l I ) ti.~S(S) 
~14~) 0,4872(0) 0.3(~ I) 0.8(~1) 0,119(5) 
C(151) 0.1846(5) 0.1254(4) 1,2754161 0.042(2) 
C(152) 0 ,~9 (5 )  0 , ~ 3 ( 4 )  1.35~7) 0,002(3) 

I$3) 0.1387(7) 0.03~4) 1.38~8) 0.075(3) 
~154) 0.0513(71 0.0541(5) 1.3346191 0.074(3) 
0155)  0.0302(6) 0,1 I |  1(5) 1.2518(81 0.071(31 
~156) 0 ,~1 (5 )  0.1474(4) i.2224(7) 0.058(3) 

161 ) 0A557(5) O. 1235.(4) 0.9 #9~6) 0.041X 2) 
L~162) 0A8(~$) 0,0678(4) 0.8863(8) 0.~3131 
C(1631 0.$733(6) 0.03~5) 0.8522(8) 0.(16913) 
C(164) 0.6418161 0.0607(5) 0.907J181 0.070(3) 
C(165) 0.6181(6) 0. I 145(5) 1.0(~r}(9) 0.086(3) 
C(106) 0.5254(5) 0,1467(5) 1.0356(7) 0,064(3) 
C121 I) =0.2173(4) 0,3193(4) 0.7415(6) 0,036~2) 
~212) = 0.3008(5) 0.407.~41 0.~83171 0.052( 21 
O214) = O25M151 0 ,~3~4)  0.8065(7) 0.047(21 
C1215) =0.2046($) 0.3902(4) I).7168161 0~042121 
C(221 ) = 0.0281(6) 0.2886151 0.937~19) 0.072(3) 
C(222) = ().~7~7} 02976(6) 1.040119) 0.082(4) 
~223) : 0. 117~(6) 0.373916) 1,0728(7) 0.07~31 
C12241 = 0.~6) 0,4137(5) 0.~9) 0.(~713) 
~225) = 0.023915) 0.3623(6) 0.911 ~8) 0.07213) 
~23 !) - 0 ~ 4 )  0.326~4~ 0.4~7816) 0.03712) 
~2321 = 0 3=/2";9(4) 0.392214) 0.5326(6) 0.04612) 

Table 2 (continu, ,, 

U(eq) = ( i t3),,vi ~iUii ai" nj* aia i 

Atom x y z U(eq) 
Rac-3a 

C(233) - 0.3695(5) 0.4523(4) 0.4577(7) 0.048(2) 
C(234) - 0.2959(5) 0.4269(5) 0.3754(7) 0.059(3) 
C(2351 - 0.2529(5) 0.3476(4) 0.3966(6) 0.049(2) 
(2(241) -0.425(i)  0.2866(6) 0.250(1) 0.102(5) 
C(242) -0.496111 0.322(1) 0,321(1) 0.144181 
C(2431 - 0.5222(7) 0.4006(9) 0.28 I(!) O. I 17(5) 
C1244) - 0.464(!) 0.4023(7) 0.186(I) 0.095(4) 
C1245) - 0.4054(7) 0.3342(9) 0. ! 713(9) 0.093(4) 
C1251 ) - 0.0640(5) 0.1410(4) 0.7668(6) 0,042(2) 
C(252) - 0.0437(5) 0.1013(4) 0,8765(7) 0.057(3) 
C(253) 0.0488(6) 0.0668(4) 0.9129(8) 11,066131 
(2(254) 0. ! 212(6) 0 .0714151 0,8404(9) 0,~8(3) 
121255) O, 1020(61 0 .1075151 0.7289(8) 0.075(3) 
C(256) 0.0099(5) O. 1425141 0,691917) 0.056(2) 
C(261 ) - 0.3108(51 0.140414) 0.453116) 0,042(2) 
C(262) - 0.2894(5) 0.0882(5) 0,3569(7) 0.064(3) 
(7(263) - 0.3493(7) 0.0454(5) 0,3269(9) 0.084(4) 
C(2641 - 0.4324(7) 0.0568(5) 0,3918(101 0.087(4) 
C(265) - 0.4534(7) 0.11178161 0.4893(101 0.093(4) 
C(2¢~1) - 0.3925(6) 0.1503(5) 0.5204(8) 0.070(3) 
Rac - 3b 
Fe(! ) 0.93855(4) 0.54355(4) 0.21572{5) i).051612) 
Fd2) 0.78740(5) = 0.110855(4) 0.07288(5) 0.11625121 
O( I ) 0.7856(2) 0 ,3626121 0,4282(2) 0.000318 ) 
0(2) 11.5808(21 O.15~Rg2) 0.2391121 0.11634(8) 
C( I ) 0.7373(3) 0.3688(2) 0.3275(3) 0,0447(10) 
C(2) O7662(3) 0.3164(2) 0.2214131 0.0403(9) 
C(31 0.7750(3) 02058(2) 0.236113) 0.041M19) 
C(4) 0.67~I13) 0.150!(21 0.2788(5) 0.1H65(10) 
C(I!)  0.8793(31 0.3856(2) 0.2161(3) 0.041519) 
C(12) 0~17(31 0.3987(2) O. I ! 12131 0,115211 ) 
C(I a) 1 ~1127~X 3) 11A587(3) (k t471X4) ().(~dX I ) 
C(14) | ,0705(~1) 0,4~HX13) |)~27281.t) 0,(~211 ) 
C(15) 0,;1799(3) 0A40t~13) 0,316813) 0,054( I ) 
C121 ) (),H It~t)bt) 0.6;')41~!) (),210~(~) 0,|)8~2) 
C(22) 0+8t~(~(5) OX,31~(~) 0,11~015) O+O~J,l(2) 
C(23) 11.9791151 1).0819131 0.1637151 u.(~l(21 
C(24) I , (X193(4)  0 ,7018131 0,2876(5) 0,~2121 
C125) 0.9[)8215) 0.~624(3) 0.3|81(5) 0.09~2) 
C(~I) 11.7675131 0.1382(21 0.1184131 0.0446( I01 
C(32) (L665413) 0.065013) 0.0321 (41 0.067( I ) 
C(331 06924(4) 0.0272(3) - 0.0706141 0.076( I ) 
C1341 0,808614) 0,0747(31 = 0,051014) 0,07 !( I )? 
('(35) 0,8570(3) 0.1438131 0.~31 0.(Y.3( l ) 
C1411 0.843919) ~ 0.063716) 0.2181161 11.1511141 
C1421 0.7353(8) = 0.1275(5) O. I $34(9) O. 153(41 
C1431 0.7405(7) = 0.169414) 0.0372(6) 0.13 I~3) 
C(44) 0.851217) ~ 0.128215) 0.0351151 0.12013) 
C(45) 0.919915) ~ 0.(161914) 0~14~)5(61 0.128(31 
C1511 0,6541(3) 0.4305(2) 0.3086(3) 0.IM2319) 
~52) O570413) 0.4167121 q. 19~R~131 O.(MIR I ) 
C153) 0.4980(3) 0.4791131 O. 1880151 0.05211 ) 
C1541 0,507t~ 31 0,5575(2) 0,285 I131 0.tH6( I ) 
C(551 0.5898(3) 0.5695(3) 0.3943(3) 0.055( I ) 
C156) 0,6619131 0.5075(3) 0.~5131 0.053( I ) 
~61 ) 0.435 I13) 0.6288(21 0.2735(3) 0.049( I ) 
C162) 0.414(113) 0.6721131 0,1747(3) 0.~J411) 
C163) 0.i~528131 0.7443(3) O, 168 I141 0.07211 ) 
C (~ )  0.3113(3) 0.7726(3) 0.2592(4) 0.069(I ) 
C165) 0.3301131 0.729~13) 0.357 I141 0.~ I ) 
C166) 0.392 I(3) 0.f~5~513) 0.3648(3) 0.057( I ) 
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Table 2 (continued) 
V V ° ° U(eq) = ( 1/3)..~ ..~U~ia ~ a~ a,a~ 

Atom x y z U(cq) 
Rac-3b 

C(7 ! ) 0.6963(3) 0.0822(2) 0.3648(3) 0.'0441 ( I O) 
C172) 0.6020(3) 0.0005(3) 0.363 !(3) 0.059{ 1 ) 
C173) 0.6166(3) - 0.0678(3) 0.4376(3) 0.06311) 
C174) 0.7235(3) - 0.0563(2) O.5 ! 69(3) O.O4911 ) 
C175) 0.816613) 0.0288(3) 0.5224(3) 0.052( ! ) 
C(76) 0.803013) 0.0962(2) 0.,~66{3) 0.050( I ) 
C(81 ) 0.7376{3) - O. 1344(2) 0.5905(3) 0.05 I( I ) 
C(82) 0.6546131 -O.  1761131 O.6412(3) O.O61(!) 
C(83) 0.6653(4) - 0.2533(3) 0,7041(31 0.077(2) 
12(84) 0.7579(4) - 0.2903(3) 0.7164(41 0.081(21 
C(85) 0.8412(4) - 0.249613) 0,6677(4) 0.077( I ) 
C(86) (I.8315(3) - O. ! 726(3) 0.6040(3) 0.(~'14( i ) 
Meso-3b 
Fe( I ) O. 1724 0.14577(9) 0.8419 0.0380(9) 
Fe(2) 0.4415(6) O.16587(9) 0.4925(2) O.0415110) 
(3( I ~ 0.659(2) O. 190614) 0.7153(7) 0.047(5) 
0(2)  -0 .031(2)  0.1168(4) 0.6198(6) 0.035{4) 
C( ! ) 0.461(3) 0.203616) 0.7 ! 32(8) 0.026(5 ) 
C 1 2 )  0.28(}{3) O. 1683161 0.6988(9) 0.03015) 
C(3) 0,339(3) O. 1421161 0.6370(9) 0,032(5) 
C(4) 0.15813) 0,1046(7) 0.6228(8) 0.,034(5) 
C( I I ) 0.263(4) 0 1316171 (!,752 I(9) 0.036(5 ) 
C(12) 0,4330) 0.1181(7) 0.7922(9) 0.043(6) 
C(13) 0,344(4) 0.085517) 0,832( I ) 0.055(6) 
C(14) 0.109(4 ) O.0788(7 ) 0.8175(9) 0.051(6) 
C(15) 0,058(3) 11.1098171 0.7668(9) 0.043(6) 
C(211 0.116(4) 0.215(M7)  0.8586(10) 0.053(6) 
C(22) (},2831,I) O, 191S(91 0.t~16( I ) 0.072(8) 
C(23) 0, l 1 6 ( 4 )  (1 ,1572(7)  ().9331810) 0.051(6) 
C12,1) ~ 0,1169161 11.164( I ) 0.tX1012) 0,12( I ) 
C125) ,-~ 0,07 I14) 0 193410) 0,86111 ) 0,07018) 
C(31) (L35(~(3) ()r 1751(6) 0.58,1418) 0.024(51 
C(32) 0.17q(3) 0,1927(7) 0,5428(9) 0.043(6) 
('(33) I),281(,t) 0 ,2281~71 11,503'1110) ()0';~(61 
C13,1) 11,513(4) (1,2324t8) 0,521111 0,(16117) 
('(~5) 0 551(41 0,2013181 0,568r,( I111 0,045161 
('(41 ) 0A34(4 ) 0,(D79(8 ) 0,4h7( I ) 0,IX)6(? ) 
C(42) (),315(5) 0,123( I ) 0,427( I ) 0,008(I0) 
C(43) 0.430(4) O. 1949(8) 0,401( I ) 0.071(14) 
C(44) 0.(~63(4) 0, i 523(7) t).424( I ) 0.058(7) 
C(45) 0,674(5) 0. 1167(9) 0,469( I ) 0.078(14) 
C(51 ) 0.408(3) 0,2529(6) 0.7242(8) 0.026(4) 
('(92) 0.578(4) 0.281518) 0.751XX 10) 0.05117) 
C(53) 0.52%11 0.327118) 0.759(I ) 0.051(7) 
C(54) 0.327(3) 0.3489(6) 0.7449(8) 0.035(5) 
C(55) 0. I(~4(3) 0.3200(7) 0.7207(9) 0.043(6) 
C(56) 0.194t31 0.2729(6) 0.7103191 0.036(9) 
C(61 ) 0.280(3) 0.4(X)7(6) 0.7533(9) 0,114(X5) 
C(62) I),,158(3) 0.4310(71 0,7402(9) 0.044(6) 
C(63) 1),41 I(4) 0.4797(8) 0.747(I ) 0.06(X7) 
C(64) 0.221(4) (L4946(7) 0.767( I ) 0.051(6) 
C(65) 0.043(4) 0.4659(9) 0.783( 1 ) 0.0118(8) 
('(66) 0.09(R 3) 0.417 I17) 0.7755(9) 0,042(6) 
C(71 ) 0.224(3) 0.(1547(6) 0.6106(8) 0.024(4) 
C(721 0.067(3) 00270(7) 0.5857(8) 0.036(5) 
C(73) 0.109(31 -- 0.0204(7) 0.5766(9) 0,044(6) 
(7(74) 0,307(3) ,- 0.0402(6) 0.5942(8) 0.033(5) 
C(75) (t.477(41 ~- 0,0127(7) 0.620( I ) ().~ ~,2(6) 
C'(76) 0.417(3) 0.0345(7 ) 0.6283(9) 0.044(6) 
C181 ) 0.340(3) ~ 0,0913(6) 0.5860(8) 0.032(5) 

Table 2 (continued) 

U(eq) = ( I /3 )E ,  ~DU, a," a~" a,aj 

Atom x ). z U(eq) 
Meso-3b 

C(82) O. 18913) - O. 1237(6) -0.6020191 0.037{5) 
C183) 0.224(3) -0.1713(7) 0.5960(9) 0.04115) 
C(84) O.~L2 !(41 - O. ! 869(7) 0.5757(9) 0.0.50(6) 
C(85) 0.583(3) - O. 1559(7) 0.5600(9) 0.037(6) 
C(861 0.553(4) - O. ! 077(8~ 0.56711 ) 0.053(7) 
lb  
Fe(! ) 0.55865(5) 0.2572(2) O. ! 280(2) 0.0368(6) 
O(1 ) 0.6397(2) 0,4713(9) 0.464( I ) 0.054(4) 
C(I ) 0.5952(4) 0.338( i ) 0.269(2) 0.038(5) 
C(21 0.5721(41 0.281(2) 0.375(2) 0.05,1(6) 
C(3) 0,5414(41 0.338(2) 0.342(2) 0,052(6) 
C(41 0.5453(41 0.434( I ) 0,214(2) 0047(6) 
C(5) 0,5784(4) 0.434( i ) O. 174(2) 0.036(5) 
C(6) 0.5786(5) O. 125(2) - 0.014(2) 0.065(71 
C(7) 0.5536(7~ 0.070(2) 0.076(2) 0.070(7) 
C(8) 0 .52~5)  O. 129(2) 0.045(3) 0.077(8) 
C19) 0.5304(5) 0 . 2 1 5 1 3 1  -0.081131 0.11./41101 
C(10) 0.5625(7) 0.221111 - O. ! 18(2) 0.081171 
C( I I ) 0.6279(3) 0.307( I ) I) .261121 0.035(5) 
C(12) 0.6491(4) 0.390( I ) 0.37Cv,21 0.036(5) 
C(13) 0.6843(4) 0,375( ! ) 0.361( I ) 0.027(4) 
C( 141 0,6991(41 0.287( I ) 0.256(2) 0.039(5) 
C(15) 0.7313(4) 0.280( I ) ( ! .247(21 0.tl35(51 
C(16) 0.7505(3) 0.363( I ) 0.338( I ) 0.027(4) 
C(17) 0.7373(4) 0.447( I ) 0.448(2) 0.O33(5) 
C(18) 0.7055(4) 11.45311 ) 0.456(2) 0.037(5) 
C(19) 0.7841(41 0.358(!) 0.325(I ) 0.029(4) 
C(20) 0.74~1614) 0.267(2) 0.232( ! ) I).O43(5) 
C121 ) 0.8326(4) 0.264(2) 11.225(2) 0.046(5) 
C(22) 0.8520(4) 0,354(2) 0,305(2) 0,051(6) 
C(23) 0,8376(4) 0.445(2) 0,39~21 0.(1511(6) 
C(24) I),81148(4) 0,447( I ) (),4t18(2) (1,(M4(51 

Laue group (or rao31~ wa,~ confirnled as °i. and tile tack 
of any systematic absences in the diflYaction data wa~ 
checked and confirmed. For all compound~, azimuthal 
scans of a range of reflections indicated that there was 
no need tbr any absoq)tion corrections to ~ applied. 
Crystals of meso.3b did not diffract strongly, and even 
for the best crystal employed it was apparent thai no 
further 'observed' data were being collected at 2 0 > 47°; 
consequeutly data-collection was terminated at thai 
point. The E statistics for meso-3b confirmed the abo 
sence of a centre of inversion, and the Laue group was 
confirmed as 2 /m,  supporting the space group assign- 
ment as Cc. Because of the restricted numl~r of data fi)r 
this compound, only the iron and oxygen atoms were 
relined anisotropically. For compound Ib, the crystal 
quality was consistently poor, and six different crystals 
selected from three separate preparations were investi- 
gated: the data set collected at 2(R) K |Yore the best of 
these was not of high quality, but is probably the best 
that can be achieved for this compound. Although the 
refined bond lengths and angles all have satisfactory 
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Table 3 
~ e d  ~ u l a r  dimensions (A. °) 

Rac-3~ Molecule I 

Cn I ~ O n  I 1.2 ! 5 ( 8 )  
Cn4 - On4 1.217(7) 
Cn I -Cn2 1.517(9) 
C'n2-Cn3 1.55918) 
Cn3-Cn4 ! .517(8) 
Cn2-Cn I I 1.500(8) 
Cn3-Cn31 1.50519) 
O n I - C n I - C n 2  119.2(6) 
Onl-Cnl-CnSl 121.1(6) 
Cn2~Cn I -Cn51 I 19.7{6) 
On2~Cn4=Cn3 120.0(6) 
On2~Cn4~Cn61 ! 20,5(6) 
Cfl3~Cn4~Cn61 I 19.5(6) 
Cnl ~Cn2~Cn3~Cn4 58,5(7) 
On I =Ca I ~Cn2 =Ca3 38.(X fl ) 
Ca51 ~Cn I ~Cn2 ~Cn3 ~ 141.7(6) 
Cn2=Cn I -Cn51 =C.52 ~ 177.5(6) 
Cn2~Cn I =Cn5 I-Cn56 - 0.3(i0) 
(~2=Cn4=Cn3~Cn2 35.2(8) 
Ca61 =Cn4=Cn3--Cn2 - 147.9{5) 
Co 3 =Cn4=Cn61 ~Cn62 -o 165.3(6) 
Co3~Cn4=Cn61 =Cn66 I I( I ) 
Comlmund 3b R.('.3b 
CI ~OI 1.217(3) 
C4=O2 1.217{4) 
CI ~C2 1.522(4) 
C2~C3 1,554t4) 
C1~ C4 1,533(4) 
CI ==CSl 1,491(4) 
C4 = C71 1,48X(4)  
OI =CI =C2 11').,1(3) 
O I =C I =C51 120,4(.~) 
C"2 ,: ( '  I --('51 120, I(3) 
t )~ :  C4 = C::t I I ~,4(,~) 

C~..('4 ('71 l lg ,X l~ )  
( '  I =C2 = ( ' : l  ::. ( ' 4  42.e,~ ~ ) 
()I C I  : C 2 : = ( ' ~  4 ~  1141 
C~I=CI~C2=C~ :,,: 14-02(:~) 
C2:CI  =C51 :CS2 :L8(5)  
C2:CI  =C51 ~ oC5o ...... ; ~6,5(:~I 
O2=C4=C~C2 38,2(4) 
C71 ~C4=C3 ~C~ ~ 143,8(3) 
C3=('4~C71 ~('72 = 153.2(3) 
('3 ,~ C4  :,~ C71 ~C76 27,115) 

Molecule 2 

!.21217) 
1.207(8) 
i .512{9) 
! .548(8) 
1.533(9) 
! .487(8) 
1 .504(9 )  
119.5(6) 
120.1(6) 
! 20.216) 
I 18 .6 (0)  
121.4(6) 
! 20.0(6) 
59.7(7) 

- 4 0 . 1 ( 8 )  
143.5(6) 
149,7(7) 

30( I ) 
- 44.7(9) 
136.0(6) 
168,6(7) 
~1111) 
Mesoo3b 

.26(2) 

.1912) 

.52(2) 
,58(2) 
57(2) 
A7(2) 
51(~) 
I~1 )  
I~.X I I  
21(!) 
18111 
~1111 
2IX I1 
78111 

.... S i l l  l 
I ] t ~ l t  

1212) 
5512) 
~ 12711) 
- 165(!) 

21121 

values, their metrical precision is not high with typical 
e.s.d,s fiw bond lengths and angles of :1:1).(12 A and 

!", res~ctively. 

3.4. Structure solution and refinement 

All structures were solved by direct methods, and 
refined by full-matrix least squares on F using observed 
data [l l]. All hydrogen atoms were included in the 
refinements as riding atoms in ogeometricaily-idealised 
position~, with d(C-H) = 0.95 A. Refined atom coordi- 
nates are given in Table 2, and selected geometric 
parameters for compounds 3a and 3b in Table 3. Fig. I 
shows a perspective views of one of the two indepen- 
dent molecules in the structure of compound 3a, Fig. 2 
and Fig. 3 show the molecules of rat'-3b and meso-3b, 
and Fig. 4 shows compouad lb. Tables of H-atom 
coordinates and displacement parameters have t~en de- 
posited al the Cambridge Cryslallographic Data Centre. 
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