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Abstract

Reactions of 1,1’-bis(diphenylphosphino)ferrocene (BPPF) with Fe,(CO), and Fe,(CO);, produced
a series of iron carbonyl derivatives: (n%-BPPF)Fe(CO); (1), (n'-BPPF)Fe(CO), (2), (u,n*-
BPPFXFe(CO),), (3), (2-BPPF)Fe,(CO); (4), and (u,n*BPPF)Fey(CO),, (5). The synthesis and
characterization of 4 and 5, including X-ray crystal structures of 2, 3, and 5, confirmed various
coordination modes of BPPF. Crystal data are as follows: (n! BPPF)Fe(CO)4 (2): orthorhombic, space
group Pbca, a=26.27(1), b= 23.18(1), ¢ =10.938(8) A V =6661(7) A3 Z =8; 3017 data with >
3.00(1) were refined to R=0.057, R, =0.056; (p,n 2. BPPF)Fe(CO),, (5): monoclinic, space group
P2, /n, a=11231(1), b =21.043(4), ¢ = 20.373(9) A B=97. 373(9)" V = 4693(4) A3 Z = 4; 6082 data
w1th I>3.00(]) were refined to R = 0.054, R, = 0.071; (u,n2-BPPF)Fe,(CO)y (3): monoclinic, space
group C2/c, a=17.223(7), b=14.97(2), ¢ = 18 558(3) A B = 108.39(3)°, V = 4541(6) Aq Z=4; 3201
data with /> 3.00(/) were refined to R=0.070, R, = 0.139, as a result of difficulties with modeling
electron density peaks associated with highly disordered solvent atoms.

Introduction

Ferrocenylphosphines are now well known as efficient ligands for metal com-
plexes in a wide range of homogeneous catalysis. Upon examination of the
literature, it is obvious that much interest has been focused on such reactions as
hydrogenation of olefinic substrates [1-6], Grignard cross-coupling reactions [7]
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hydrosilvlation of kctones [8] and aldol condensation [9,10]. Of various achiral and
chiral ferrocenylphosphine ligands, those that have been most widely and effec-
tively used in these catalvtic reactions are 1.1-bistdiphenyiphosphinoMerrocence
(BPPF). 2-(diphenyiphosphino - 1-{ A N-dimcthylaminocthyDterrocenc (PPFA) and
1. 2-his(diphenyiphosphino)- LUV N-dimethylaminocthvliferrocene 1 BPPEAL
Despite wide applications of these ligands in complex formition for use in such
catalytic recactions, refatively fow studies have been carried out on the preparation
and structure of thely ron group complexes and their uses in homogencous
catalysis. We have recently reported thc catalytic propertics of { -BPPEYFo(CQ,
(1. (n'-BPPEFC(CO), (20, and (., p-BPPENF(CO), 1. (31 synthesized as prod-
ucts of the reaction between the higand BPPE and B u( O). [1iL They proved o be
very efficient catalyst precursary tor the svnthests of carbamatos
of propargy! alcohol with secondary amines in the presence of €
Prompted by these tmu ngs. we decided to look further into the v cactivity and
coordination modes of ligand BPPE with other iron carbenvls such as Fe (OO,
and Fe (CO) L. Tt was hoped (o see a new serics of ron carbomyl derivatives of
BPPFEF with various coordination modes, since from our previous studics we have
found that the ligand can acr not only as a typical chelating bidentute but as a
monodentate diphosphine, ov o bridging ligand in dimeric species, Although muny
instances are now known for the chelating mode of this Geand, the fatter mwo
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from the reaction
(g HENa ]

maodes of coordination for this ligand have so far been sc arce AL In this work,
we report the synthesis of (n ~BPPI)FC,(C ()) (). (. “RPPEW (OO0, (8 and
crystal structures of iron complexes of BPPE. 203 and &

Experimental

Reagents and instruments

All manipulations were conducted under an argon atmosphere using a double
manifold vacuum system and Schlenk techniques. Al commercial rcagents were
used as recerved unless otherwise mentioned. Solvents were purified by standard
techniques [15]. and were freshly distilled prior to use. Mcelting points were
determined using a Gallenkamp melting point apparatus and are reported without
correction. "H, "C.and 7'P NMR spectra were recorded on oa Bruker Am-300
spectrometer operating at 3000 8015, and 1205 MHz  respectively, Infrared
spectra were recorded on o FT-IR:Bio-RADEFTS 20,730 specirometer. Mass
spectra were obtained using a Kratos MS-50 instrument. Microanalyses were
performed by Ms. T.Y. Park in the Department of Industriat Chenustry, Kyung-
pook National University, South Korca.

The Higand BPPEF was preparced as described previousty Ha] Crystals of diffrac-
tion quality of previousiy reported iron carbonyl wmpk\u fmd 3 were obtained
trom hexane /cther mixtures of ratios 301 and 301, respectivedy [

Preparation of (0 -BPPFIFe . (CO, (4)

The ligand BPPE (0.98 ¢, 178 mmolb) was added to a suspension of Fe.(CO),
088 g, 241 mmol) in CH.CY, {30 ml) in a 100 mL Schienk tube with o mdgmm
stirrer and an argon inlet. The reaction mixture was stirred {or 12 b The solution
was then filtered on a Celite tube to remove any solid impurities. and the brownish
orange filtrate was cvaporated (o drvness. The remaining oilv residue was tuken up
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in a small volume of THF to be chromatographed on silica gel. Three orange
bands developed by eluting with mixtures of hexane and ether. After removing the
first two bands (2 and 3) on elution with hexane /ether (3:1) the third band was
eluted with ether to obtain 4 as a yellow powder after removal of solvent. Yield of
4: 0.02 g, 1.3%. IR (KBr) 2049s, 1971m, 1929vs, 1883s, 1875vs cm ~!. Anal. Found:
C, 57.67; H, 3.72. (BPPF)Fe,(CO), calc.: C, 57.14: H, 3.28%. Yields of 2 and 3
were 16 and 21%, respectively, based on the ligand.

Preparation of (u,m*-BPPF)Fe;(CO),, (5)

The title compound was obtained as a minor product along with the compounds
2, 3, and 4 from the reaction of BPPF with Fe,(CO),,. Fe,(CO),, (0.91 g, 1.8
mmol) and BPPF (1.0 g, 1.81 mmol) were dissolved in CH,Cl, (30 mL) in a
100-mL, two-necked, round-bottomed flask with a condenser, a magnetic stirrer,
and an argon inlet. The solution was refluxed with stirring for 4 h during which
time the solution became dark brown with deposit of black precipitates. The
solution was then filtered on a Celite tube to remove the precipitates, and the
filtrate evaporated to dryness. The remaining dark brown oily residue was dis-
solved in a small voiume of THF to be chromatographed on silica gel. Four bands
developed on elution with mixtures of hexane/cther (5:1) and hexane/ether
(3:1), respectively, the third purple band was eluted with a 2: 1 mixture of hexane
and ether, and 5 obtained as dark purple crystals after removal of solvents
followed by crystallization from CH,Cl,/ether (1:3) at room temperature. The
remaining orange band was eluted with ether to be identified as 4. Yield of 5: 0.51
g, 8%. IR (KBr) 2067vs, 1998vs, 1952s, 1782s, 1740s cm~'. Anal. Found: C, 52.92;
H, 3.00. (BPPF)Fe(CO),, calc.: C, 52.76; H, 2.82%. Yields of 2, 3, and 4 were 2,
21, and 6%, respectively.

X-Ray crystallographic analysis of 2, 3, and 5

For each compound, a chunky crystal, approximately 0.3 X 0.3 X 0.3 mm, was
mounted on a glass fiber. All measurements were made on a Rigaku AFCSOR
diffractometer with graphite monochromated Mo-K, radiation (A = (0.71069 A)
and 12 kW rotating anode generator. Preliminary experiments for the cell parame-
ters and orientation matrix for each crystal were carried out by least-squares
refinement, using the setting angles of 25 carefully centered reflections in the
range 20° < 26 < 35°.

For each crystal, diffraction intensities were collected at a constant temperature
of 20 + 1°C using the w-260 scan technique with a scan speed of 32°/min (in w)
which is a maximum attainable speed with the diffractometer. Omega scans of
several intense reflections were made prior to the data collection to optimize the
proper scan width for each crystal. The weak reflections (/ < 100(7)) were
rescanned (maximum of 3 rescans) and the counts were accumulated to assure
good counting statistics. Stationary background counts were recorded on each side
of the reflection. The ratio of peak counting time to background counting time was
2:1. The diameter of the incident beam collimator was 0.5 mm and the crystal to
detector distance was 40 cm. The crystallographic data and additional details of
data collection and structure determination are summarized in Table 1.

The intensities of three representative reflections which were measured after
every 150 reflections remained constant throughout data collection indicating
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Table |

Summary of crvstaliographic data and intensity collection for 2, 3. and 3

Compound 2 3 R
Empirical formula Foe CLP.O Fo O Py (1
Fo ¢ ROO.17 [IERREE
Crystal system Orthorhombic Monochnic Muonochinie
Space group Fheg {#61 20 L#ES)Y P t#LD
7 b 4 1
Cell parameters
a{d) 26,2701 17.223(7) fLI3D
b (A T8 149702 SIGERIRY
¢ (A) 193800 15535800 T30
;3 (dep) 1OK.39(3) RIS
1 (AY a6OHT) EENEITS! bou 3
D g/ em™) (JREE! 1,305 i
wem " with Mo-K ) MK 1,39
Transmission factor 73100 (LUs i
Scan type w -6 w2t
Sean width (o) (deg) (L8003 tan # L3003 tan
20, (deg) S50 352
Noa. of reflections measured ®A72 627
No. of reflections observed
(] = 301N T 3201
1000 2570 IS16
No. of variables 15 239
Discrepancy indices
R [ARER 4.070 (s
R 1036 (139 o
Goodness of fit
indicator ¢ 174 SN2 RN
Maximum shift in final
cveles a7 0.2 (.0s

CR= IR LEA /S E L PR = HEw U E T = TE DT /8w CEDN T where w48 AX70F L Stane

dard deviation of an observation of unit weight: [Ywi [ £ 1 (F, [ N, N W where N = nunmiber

¢

of ohservations and N, = number of variables.

crystal and electronic stability for two crystals. Decay correction was made for
compound 5. Azimuthal scans of several reflections were made and absorption
corrections were applied for all three cryvstals. The data were corrected for Lorentz
and polarization effects, including that due o incident beam monochromatization.
Of the reflections collected. those with [ > 3g(]) were used for structure determi-
nation.

The structure was solved by direct methods [17%] and refined by using full-ma-
trix least-squares methods [18%]. The non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were included in the structure factor calculation in idealized
positions (d¢ ;;(sp) = 0.03 A and were assigned with isotropic thermal parame-
ters which are 20% greater than the B, valuc of the atom 1o which they were
bonded. Neutral atoms scattering factors were taken from Cromer and Waber [19]

Reference number with asterisk indicates a note in the list of references.,
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Table 2
NMR data for 1-5 ¢

Compound  'HNMR YPNMR  "*CNMR(CO)
Cp Phenyl

1? 420 (s, 4H),  7.40-7.64 (m, 20H) 64.8(s)  220.7(t, J(P-C)=9.3 Hz)
4.46 (s, 4H)

2" 446 (s, 2H),  7.22-7.49 (m, 20H) 68.4(s),  213.2(d, J(P-C)=19 Hz)
4.38 (s, 2H), —15.6(s)
3.88 (s, 2H),
3.68 (s, 2H)

3’ 4.23(b,4H),  7.41-7.44(m, 20H) 61.6G)  213.0(d, J(P-O)=19 Hz)
3.93 (b, 4H)

4 421 (b, 4H),  7.50-7.26 (m, 20H) 735(s),  213.1(d, J(P-C)=21 Ha)
3.83 (b, 4H) 64.6(s)  213.6(b)

5 447(b,4H)  7.67-7.25 (m, 20H) 39.0()  230.8(m), 216.3 (s)
4.06 (b, 4H)

% In CDCl;. Chemical shifts are in ppm. Key: s, singlet; b, broad singlet; m, multiplet; t. triplet; d,
doublet. ® Values taken from ref. 11.

Anomalous dispersion effects were included in F,,. [20]; the values for Af’ and
Af” were those of Cromer [21]. All calculations were performed using the TEXsan
[22] crystallographic software package at Boston College. The final cycles of
refinement led to the R indices listed in Table 1. The final positional and thermal
parameters of the non-hydrogen atoms are listed in Table 3, selected interatomic
distances and angles are given in Table 4, and complete lists of bond lengths, bond
angles, and observed and calculated structure factors are available from the
authors.

Results and discussion

Syntheses and characterization

Scheme 1 shows various reaction conditions that lead to the preparation of a
new series of iron carbonyls 1-5 demonstrating all possible coordination modes for
the ligand BPPF with iron carbonyls.

As the yields and product distribution depended significantly on the reaction
conditions, and as the chromatographic separation of these compounds was rather
tedious, we have employed a number of experimental procedures to guarantee the
preferential formation of any particular compound(s) over others in high yields.
Some experimental details of the optimum reaction conditions for the highest
yields of 1-3 can be found in our previous report [11]. As illustrated in Scheme 1, a
representative procedure is to treat BPPF with Fe(CO)s in refluxing toluene or
benzene for a certain period of time. It was found that the reaction time and
temperature played an important role in the product distribution of 1-3. The
longer the reaction time or the higher the reaction temperature, the higher the
yields of 2 and 3 achieved at the cost of 1, suggesting 1 to be thermodynamically
less favored than 2 and 3. In line with these observations is the finding that 1
decomposes readily in solution in air while 2 and 3 remain quite stable for an
extended period of time.
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When FcoCO), and Fe fCO),. were treated with BPPED two new bi- and
trinuclear &.nmpluxgs 4 and 5 were formed in addition to the expected products 2
and 3. although their viclds were quite low < 103 Taterestingly the chelato
diphosphine complex T was not formed in any observable amoant Thus the resuits
shown in Scheme 1 reveal that chelation s not a choice of prefereace as far as the
reactions of BPPE with iron ciarbonvis are concerned atthongh thore are numerous
examples for a chelating diphosphine type comples with this hgand [34.0.7.120

Since the tull characterization of 13 including Xerav covstallographic analysis
ol 1, has alrcady been made i our provious paper. saome al therr selectaod NMR
data along with those of 4 and 3 ave hsted 1 Table 2 im' L

The formulation of the heptacarbonyl dernvative (4 is suggestod as such based
on microanalvtical and NMR data for the cimngmmm The proscoce of wo
phosphorus <inglets at low ficld indicates o non=-svmmeine chehanon of BPPE on o
single 1ron atom rather than o symmetric brideing mode. alith Boann AB pattern

instead ol a pair of singlets would be expected. The room emperiture O NMR
ppnt and o broad

MParative PUrposes.

spectrum in the carbonyl region exhibits a broad doubler av 2154
singlet at 213.6 ppm. On conhng o - 8070, both signals collapsed e one o gne
rise 10oa pow multiplet contered at 2125 ppm. apparently showng o fluxionad
behavior. The pattern and the numbers of infrared carbony! storeiching bands along
do not show the presence of any bridging carbonyls nvelved in this dvnwmie
process. Attempts to obtain 4 as oryvstals suitable for crvsdlographie studics have
so far been frustrating. anid the correct solution structuse vonle not be dedueed
with any certainty.

The decacarbonyl derivative (8) exhibits three termimal carbony] bands at 2067
F99R, and 1932 em ' and two bridging carbonyt bunds at 1787 and 1740 em ' the
pattern of which s unaltered us compared with that of ursubstitnted Fo (OO .
The room temperature O NMER shows o broad singlet as .TEi‘u ppm for the fouy
terminal carbonvis located w1 1he unique Fo atom (Fed in Figo 3 and a comples

multiplet centered at 2308 ppm aosing fron the four terminal and rwo brideing

carbonvis. This reveals the presence of two independen mbling processes

occurring within cach group ol non-cquivalent carbonvls, Lowering the tempera-
ture down to - 70°C did not significantly alter the ;'\;me ol the spectrum except
little turthery broadening of cach signal because of slowing down of the exchange
process. An attempt 1o cury sul more extensive variabic temperature NMR
studies was unsuccessful due to the fact that at the tremperaturos below - 70
crystals began to deposit from the solution.

Finaily. in conncction with the 'H O NMR pattern for the ovclopentadienyl ring
protons in -5, they all exhibit a simple AA'BB” tor AAXXY pattern with the
u)uplmp constants ‘/( HHY and JPH)Y negligibly small, This o twoe Hne pattern in

3.4 and S0 and o fowr dine pattern in 2 oare oxhubited for the A (or AN
pm‘lion.

X-Ray crystal structures of 2,0 30 and 3

Apart from the important chemistry of compounds as catalysts (T the struc-
tures of these complexes contain interesting series from the structural viewpoint
such as various coordination modes and the environment of the ligand BPPF and
Fo atoms, respectively. Al ervstals contained unsobvoted molecules of the com-
plexes except for 3 in which o highly disordered solvent moicty was recognized but
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Table 3

5

Final positional parameters and B, temperature factors“ for (n'-BPPF)Fe(CO), (2), (u,n*-
BPPF)(Fe(CO),), (3), and (1,n*-BPPF)Fe,(CO),, (5)

Atom x v z By Atom x ¥ z By

(A2) b (AH?

{a) (n'-BPPF)Fe(CO), (2)

Fel 0.6294(1) 0.0143(1) 0.2163(1)  3.06(5) C20  0.6089(5) —0.2318(5)  0.2089(14) 9 (1)
Fe2 0.6183(1) 0.2012(1) 0.3991(1) 5.19(7) C21  0.6281(4) —0.2147(4)  0.0975(12) 7.3(7)
Pl 0.5485(1) —0.0640(1) 0.0371(1) 3.6(1) C22 0.6108(3) —0.1654(4)  0.044(9)  4.9(5)
P2 0.6699(1)  0.1243(1) 0.4106(2) 3.2(1) €23 0.72793)  0.1255(4)  0.3157(7)  3.3(4)
Cl  0.6034(3) —0.0178(4) 0.0544(6) 3.1(4) C24 0.7663(3) 0.0868(4)  0.3388(8)  4.3(5)
C2  0.6562(3) —0.0324(4) 0.0734(6) 3.6(4) C25 0.8088(3) 0.0863(4)  0.2631(9)  5.5(6)
C3  0.6844(3) 0.0195(4) 0.0869(7) 4.2(4) C26  0.8128(4)  0.1238(5)  0.1692(9)  6.4(6)
C4  0.6505(3)  0.0663(4) 0.07527) 4.1(4) C27 0.7743(4)  0.1621(5)  0.14749)  6.0(6)
C5  0.6014(3)  0.0436(4) 0.0540(7) 3.74) C28 0.7323(3)  0.1640(4)  0.2203(8) 4.1(4)
C6  0.6404(3)  0.0558(4) 0.3791(6) 3.2(4) C29 0.69543) 0.11473)  0.5666(7)  3.6(4)
C7  0.5870(3)  0.0473(4) 0.3561(6) 3.3(4) C30 0.6714(4) 0.0784(4)  0.6463(7)  5.0(5)
C8  0.5783(3) —0.0122(4) 0.3446(7) 4.1(4) C31  0.6882(4)  0.0748(4)  0.7665(8)  5.8(6)
C9  0.6248(4) —0.0409(4) 0.3606(7) 4.14) €32 0.7280(4)  0.1075(5)  0.8041(8)  4.9(5)
C10 0.6633(3)  0.0007(4) 0.3801(7) 4.0(4) €33 0.7527(3)  0.1431(4)  0.7221(8)  5.1(5)
C11 0.5493(3) —0.0759(4)  —0.1298(7) 3.3(4) C34 0.7364(3)  0.1465(4)  0.6057(8)  4.4(5)
C12  0.5360(3) —0.1298(4)  —0.1764(8) 4.5(5) C210 0.5813(4)  0.1722(5)  0.5195(10) 6.8(7)
C13  0.5335(3) —0.1380(4)  —0.3039%(9) 5.1(5) €220 0.6719(5)  0.244%5)  0.4329(10) 6.8(7)
Cl4  0.5438(3) —0.0922(5)  —0.3807(8) 4.9(5) €230 0.5806(6) 0.2637(6)  0.3932(11) 13 (1)
C15  0.5562(3) —0.0412(5)  —0.3342(8) 4.8(5) C240 0.6006(3) 0.1851(4)  0.2451(8)  4.7(5)
Cl6  0.5589(3) —0.0322(4)  —0.2082(8) 3.8(4) 0210 0.55643) 0.1538(5)  0.5963(8) 11.8(7)
C17  0.5728(3) —0.1312(4) 0.0984(8) 4.2(5) 0220 0.7063(4)  0.2724(3)  0.4548(8) 10.9(6)
C18  0.5533(4) —0.1504(4) 0.2053(9)  5.3(6) 0230 0.5590(5)  0.3064(5)  0.3876(9) 17 (1)
C19  0.5713(5) —0.2000(6) 0.2600(11) 7.48) 0240 0.5871(3)  0.1788(3)  0.1488(6)  6.0(4)

(b) (w,m?-BPPF)(Fe(CO),), (3)

Fel 10000  048822) 02500  33(1) C17 071207 0.4461(8)  0.1716(7) 3.2(5)
Fe2 0.7524(1) 0.6559(1)  0.1244(1) 3.60(8) CI8 0.7088(8) 0.4369(9)  0.2445(8) 4.2(6)
Pl 0.7907(2) 05128Q2)  0.15172) 2.9(1) CI19 0.6482(1)  0.3936(12)  0.2612(10) 6.0(8)
Cl 087737 0494209  02362(6) 33(5) C20 0.5869(11) 0.3558(11)  0.2028(13) 7(1)
C2 0.9096(8) 0.4116(9)  0.2700(7) 3.8(6) C21 058619) 0.3633(11)  0.1285(11) 6.2(8)
C3 0.9725(8)  0.4286(11) 0.3389(8) 4.5(7) C22 0.6519(8)  0.4097(10)  0.1133(8) 4.7
C4  0.9800(7) 05218(12)  0.3491(7) 4.9(7) C210 0.6766(10) 0.6154(10) 0.0405(9)  5.7(7)
C5  09225(7)  05657(9)  0.2862(7) 3.7(6) €220 0.7398(9)  0.6661(10) 0.2162(9)  4.8(7)
Cl1 08124(7)  0.44788)  0.0779(7) 3.1(5) €230 0.7109(10) 0.766i(10)  0.1025(8)  S.1(7)
Cl2 08179(8) 03568(9)  0.0815(8) 4.3(6) C240 0.8488(10) 0.6921(9)  0.1186(8) 4.7(7)
C13 0.8387(9) 03094(10)  0.0256(10) 5.4(7) 0210 0.6299(8) 0.5938(9) —0.0149%(7)  9.6(7)
Cl4  0.8540(10) 0.3526(12) —0.0340(10) 5.9(8) 0220 0.7323(7)  0.6771(8)  0.2747(6)  7.5(7)
C15 08478(9) 0.4449(12) —0.0381(8) 5.4(8) 0230 0.6818(9) 0.8339(7)  0.0900(7) 7.8(7)
Cl6  0.8269(8) 0.4924(9)  0.0173(7) 4.1(6) 0240 09111(7)  0.7163(8)  0.1161(7)  6.9(6)

{¢) (w,n?-BPPF)Fe(CO),, (5)

Fel 0.2544(1)  0.0693(1) 0.1453(1) 2.90(5) C25 0.7648(8)  0.1105(5)  0.0456(5)  4.9(5)
Fe2 0.2656(1)  0.2922(1) 0.1501(1)  2.97(5) C26 0.7975(9)  0.1357(5) —0.0114(6)  4.9(6)
Fe3 0.3718(1) 0.2585(1) 0.0505(1) 2.93(5) C27 0.7133(9)  0.1644(5) —0.0566(5) 4.4(5)
Fe4 0.3517(1)  0.3855(1) 0.0747(1) 3.86(6) C28 0.5959(8)  0.1687(5) —0.0444(5)  4.0(5)
Pl 0.1778(2) 0.2164(1) 0.2082(1) 2.8(1) C29 0.3206(7) 0.1183(4) —0.0425(4) 2.9%(4)
P2 0.4052(2)  0.1539(1) 0.0320(1) 2.6(1) C30 0.3706(8)  0.0697(4) —0.0758(4)  3.5(4)
Cl  0.1445(7)  0.1373(4) 0.1764(4) 3.0(4) C31 03040(9) 0.0428(4) —0.1323(5) 4.1(5)
C2  0.1420(8)  0.0802(5) 0.2161(5) 3.8(4) €32 0.1881(10) 0.0642(5) —0.1557(5) 4.7%(5)
C3  0.1044(8)  0.0293(5) 0.1745(6) 4.4(5) C33  0.1409(9)  0.1123(6) —0.1206(6)  5.3(6)
C4  0.079%8)  0.0524(5) 0.1079(5) 4.5(5) C34 0.2052(8) 0.1393(5) —0.0657(5) 4.1(5)
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Table 3 (continued)

Atom 4 v z B Atom 1 3 :

(AP
s 010347 Q. Hh‘)(h GHOSISY 3.4 C200  0.4200(8)  11.256004) i), l‘ H) RRNEY
(3 0,.3937(7) 0.0926(4) 0.0942(4) 2R C210 0 013041 K ) PALHSY 4.7
7 0.4272(7) 009814 0.1632(4) 3.4 C220 0 031459y 0 3350(3) !)v:_‘.»l NSy A
(& 0.4115(8) GLO3T2EY 019N 40M5) 300 0.2027(8)  0.256444) DORA Y 36038
Y 0.3692(8)  —0L0D35C L TA2R(3) 43y C3HE O33R0 Q272904 - hu3n30sy 145
L 033738 0027604 DORTOE) 3404 C320 0526591 D278 OSSN 3004t
i 0,247 L201204) 0.294304) 3004 CHI00 0439201 041480 GOEITIOY 48
12 0. 1788(8) OUTTRS(ST G705 25y 4200 0.217200H) DSy 470
13 0,2328(1 1 Q66405 940653(3Y 2 ey C430 0.301s0D HHINO0GY S}
[ E! 1.3534600 D) 01777001 DA240(6) 6207y (440 pA730010) 3OS
15 04210y (L1990(0) (37746 So(o)r 0200 3H0HS U A3
Ci6 1.3686(8) 2012050 LRSS 443 O210 0.0435(7 u}n:m 11 Vi)
17 (02887} 0243004 G 220004y 3.2¢0) O220 034257 0.3040(41 NEY
s - (72708} 0.2232(51 OUIR35(5) 30051 Q300 0 1062(51 0.247603) NIRY
Cly — (LIRS (.2470(7) 9L HTY 7T O30 L3 IRU(S (LYY TS
20 — (). 19381 0.2935(7) ARVOY 68T O3200 G.62526) D026 A4
2 .OY32010) GA162(6) GRS 606y O410 Q4939 272040 72080
22 001779} (1292005 (207805 RS O4200 0 1R2900 (LOZARCT)Y 6,304
€23 53997 U100y O AR 3dy O4300 02680 AN S0
24 0.6443(K) LTI350d) GRSy 3701 O30 055850 ST 6 A

’\uml)ux 1 mumhuu are the estimated standard deviations i the o
figure given for the corresponding parameter. © B 5 for anisotropicably re (m d wioms are given in the

vy

the feast sigaificant
form of the isotropic equivalent displacentent parameter detined as (230 o7@, b gy o3 = Cab
cos yIB - 2ac cos B3 12he vos ol

not identified in any forms. However, the positions of the atoms i ligand BPPF
and iron carbonyls arc highly refined as shown in their ¢sd’s of positional
parameters and selected structural data.

As found in other metal carbonyl complexes of BPPF [13.14], the ligand BPPE
provides several types of coordination modes in which BPPFEF should possess two
kinds of freedoms tor adjusting the coordination mode to minimize the strains of
BPPF caused by the complexation to the Fe atom. that is, the rotation around the
Cp-Fe~Cp axis (Scheme 23 and the tilt of the two Cp rings. With these structural
freecdoms, BPPE can adjust its bite angle and /or distance between two metal
atoms which BPPF bridges. With the previously reported bidentate structure of
BPPE in 1. the iron carbomvi complexes 2.0 3. and § provide new coordination
modes of BPPEF as monodentate (2) and bridging modes (3 and 3), as shown in
Figs. 1-3. respectively, The sciccted principal bond lengths and angles are tabu-
lated in Table 4.

The Fe atom of iron carbonyl in each structurce is at the center of the trigonal
bipyramid cnvironment. The distortion from ideal gecometry is dependent on the
coordination modcs of BPPI. As suggested with a bidentate BPPE with one iron
carbonyl. the most severe distortion from the ideal trigonal hipyramidal gcometry
1s found in 1 (168.2(3)°, angle hetween two atoms in axial positions ( P‘* - I"Z«("E M.
A small distortion is found in 3 with bridging modc of BPPF (173.8(5) 3 and in 2
with monodentate BPPEF (176.9(5)°). The coordination environment of h* atoms in



Table 4
Selected bond lengths (/0\) and bond angles (°) ¢ for 2, 3, and §

Bonds and angles 2 3 5
Selected bond lengths (Ao)

Fel-Cl1 2.040(7) 2.05(1) 2.039(8)
Fel-C2 2.029(7) 2.06(1) 2.028(8)
Fel-C3 2.025(8) 2.06(1) 2.034(9)
Fel-C4 2.034(8) 2.04(1) 2.04(1)
Fel-C5 2.038(8) 2.04(1) 2.031(9)
Fel-C6 2.042(7) - 2.036(8)
Fel-C7 2.040(7) - 2.023(9)
Fel-C8 2.037(8) - 2.015(9)
Fel-C9 2.037(8) - 2.039(8)
Fel-C10 2.025(8) - 2.036(8)
Fe2-C200 - - 1.897(9)
Fe2-C210 1.77(1) 1.79(2) 1.79(1)
Fe2-C220 1.77(1) 1.79(2) 1.76(1)
Fe2-C230 1.75(1) 1.79(2) -
Fe2-C240 1.79(1) 1.78(2) -
Fe2-C300 - - 2.05(1)
Fe3-C200 - - 2.052(9)
Fe3-C300 - - 1.920(9)
Fe3-C310 - - 1.76(1)
Fe3-C320 - - 1.78(1)
Fed4-C410 - ~ 1.79(1)
Fe4-C420 - ~ 1.81(1)
Fed4-C430 - ~ 1.78(1)
Fed4-C440 - - 1.80(1)
Fe2-Fe3 - - 2.553(2)
Fe2-Fe4 - - 2.728(2)
Fe3—Fe4 - - 2.730(2)
Fe2-P1 - 2.251(5) 2.266(3)
Fe2-P2 2.243(3) - -
Fe3-P2 - - 2.27(3)
P1-Cl1 1.807(8) 1.81(1) 1.813(9)
P1-Cl11 1.846(8) 1.81(1) 1.828(8)
P1-C17 1.811(9) 1.81(1) 1.825(8)
P2-C6 1.801(8) - 1.809(8)
P2-C23 1.844(8) - 1.836(8)
P2-C29 1.847(8) - 1.824(8)
C200-0200 - - 1.17(1)
C210-0210 1.15(1) 1.14(2) 1.15(1)
C220-0220 113D 1.14(2) 1.16(1)
C230-0230 1.14(1) 1.12(2) -
C240-0240 1.12(1) 1.15(2) -
C300-0300 ~ - 1.18(1)
C310-0310 - - 1.16(1)
C320-0320 - - 1.15(1)
C410-0410 - - 1.14(1)
C420-0420 - - 1.14(1)
C430-0430 - - 1.12(1)

C440-0440 - - 1.13(1)
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Table 4 (contimued)

Hnnd\ Ami dm]u 2 3 3

Selected bond angles ’(/( vl

P2-Fe2-C210 AU

P2oFel-(C220 N7 93}

P2-Fe2-C230 | TH.N0R)

P2 -Fel2-C248 RRRTEY

Pl-Fe2-C200 GUNCR)
Plobe2-C 210 87.43) RN (R
PloFe2-220 9.5 RRURERS!
Pl-Fe2- C2W DRI

Pl-Tel-C24n DR

Pl -Fel-C300

C200 Fel2 0020

C200-Fe2 (220

2000 Fel -C300
200 - Fel2-Pl

200-Fe2-1e3 :
200 Fel-ted - ST

(

¢

(

¢ i
C2I0-TFe2-220 1 T9.9(5) P23 KT RERRE
C20-Fel 230 ViN(E) 8927

C20-Fel2-C24 TS5 O 7

CI20-Fe2-C230 Bt | S8H6)

C220-Fel2-C240 121 A5 [ ERAE

C230-Fel-240 NG S5 G -
C30-Fe2 210 N2
C300-Fe2-C220 176,704
C30--Fe2-Pi - EARE Y
(‘%l)()»f-’u"f['c‘ AT N
CAN0-Fel2-Fed

£l rl"c.. -Fed

P1-Fel-Fed

Fed-Fel-Fed

P2-Fed- Fel

P2-Feld-Fed

Fe2-Fei-Fed

C200-Fe3-Fel

200 Feld-ted

C200 Feld-p2

C300--Fel-Fel

C300--Feld-Fed

C300--Fed-p2

FeloFed-Fel -

CHP1-Fe2 110,34

Ci-Pl-Cl11 100.3(3) 105.2(5)

Ci-PL-C17 [LIRT Y H01.7(3)

CH-Pi-Fe2 117.2(4)

CH-PLCHT 103,604 [O1.8¢01

Ci7-Pl-Fe2 112604}

Co-P2-Fel2 [ R IR

C6-P2-C23 105 §03y - TS0
Co-P2-C29 HIRNIES - L eh
23 P2-Fel 117,043}

C23-P2-C29 280 PO Sy

20 P2 Fel HHLAC
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Table 4 (continued)

Bonds and angles 2 3 5
C6-P2-Fe3 - - 123.4(3)
C23-P2-Fe3 - - 109.6(3)
C29-P2-Fe3 - - 116.9(3)
0200--C200-Fe2 - - 145.9(7)
0200~ C200~Fe3 - - 133.3(7)
Fe2-C200-Fe3 - - 80.4(3)
0210~-C210~Fe2 178 (1) 176 (2) 179 (1)
0220~-C220~-Fe2 180 (1) 177(1) 177(1)
0230-C230-Fe2 175 (2) 177(2) -
0240-C240-Fe2 174.4(8) 179 (1) -
0300-C300-Fe2 - - 134.3(7)
0O300-C300-Fe3 - ~ 145.4(8)
Fe2-C300-Fe3 - - 79.9(4)

¢ The numbers in parentheses are the estimated standard deviations in the units of the least significant
digit given for the corresponding parameters.

5 is very complicated and is similar to those found in Fe (CO),, (see below) [23,24].
All carbon atoms of carbonyls in the three crystal structures are about 1.78(1) A
(average) apart from the central iron atom, with no particular differences in their
equatorial and axial positions. Only their angles with adjacent ligands distinguish
their position.

The bond diostances between Fe and P atoms are 2.243(3), 2.251(5), and 2.266(3)
and 2.270(3) A for complexes 2, 3 and 5, respectively, showing quite similar
distances to those found in complex 1 (2.243(3) and 2.256(3) A) [11] and
(dppe)Fe(CO); [25] and small elongation of those found in 5, as expected in the
coordination of BPPF with the bulkier Fe,(CO),, moiety.

The ferrocene portion of BPPF ligands in the crystal structures of the four
molecules showed various kinds of geometries with the rotation around axes
perpendicular to the centers of the two cyclopentadieny! rings and Fe atoms,
demonstrating its structural flexibility which is dependent on the coordination
modes of BPPF ligand to Fe atoms of additional iron carbonyls. In complex 1
(bidentated BPPF) and 5 (bridged to the same Fe (CO),, moiety), the rotation is
somewhat limited showing +7.5 and +61.6° of rotation from Type I in Scheme 2
with preference for the eclipsed form (+7.5 and —10.4° from a complete eclipsed
form of Types 1 and 111 in Scheme 2, respectively). When they are, however, either
monodentated (2) or bridged to two separated iron carbonyls through P atoms (3),
their rotational freedoms are greatly increased to give almost opposite ligational
direction (+132.79 and 162.85° rotation from Type I and —11.21 and +18.85
rotation from Type V, respectively for the complexes 2 and 3). All ferrocenes in
three (1, 2, and 5) out of these four complexes have preferential geometry of
eclipsed forms (see above), while that in 3 has a geometry almost in the middle of
the eclipsed and staggered forms (+ 18.85 and —17.15° rotation from Types V and
VI, respectively).

In all compounds, the cyclopentadienyl rings are planar within experimental
error but show slight deviations from being parallel to each other; 2.2, 2.64, 1.65,
3.07° for compounds 1, 2, 3, and 5, rcspectively. This non-coplanarity is probably
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Scheme 2

caused by the 0clisplacement of the phosphine substitutes from the cyclopentadienyl
rings (+0.12 A on average).

P-C bond lengths are slightly different depending on the kinds of rings in which
the C atoms belong. With C atoms of cyclopentadienyl rings, P-C bond lengths are
slightly shorter (1.801-1.810 A) than those with C of phenyl rings (1.823-1.857 A).
These differences were also recognized in the Pd, Ni, Mo complexes of iron
carbonyls [26]. Angles at P atoms are distinguished by two types; 103 and 113° for
C-P-C and C-P-Fe, respectively. The C-C bond lengths and C-C-C angles in
cyclopentadienyl rings are well in the range of those reported and do not show any
particular effect of substitution. Bond lengths and angles in the phenyl rings are
within the ranges usually found.

Fig. 1. Molecular structure of (n'-BPPF)Fe(CO), (2). Atoms are represented by 50% probability
thermal ellipsoids.
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Fig. 2. Molecular structure of (.- BPPEWE(CON, ). (3) Atoms are represenied by SO0 proababiiin
thermal ellipsoids

Fig. 3. Molecular structure of (a.n ~-BPPEFC (COY,,, (5), Atoms are represented by M5 probability
thermal ellipsoids,
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The triiron decacarbonyl moiety of complex 5 is found to be ordered, unlike the
disorders found in two previous structural studies of Fe,(CO), [23,24]. With
relatively high resolution (26,,,, as high as 55.1°), the structure of the iron carbonyl
moiety shows a triangle of Fe atoms and 8 terminal and 2 bridged carbonyls with a
total of approximate C,, symmetry. However, a close examination of the two
bridged carbonyls lowered the symmetry to C, (see Table 4 for structural data
around the two carbonyls). All terminal carbonyls have essentially linear conforma-
tion (average Fe-C-O angles of 177°), while the two bridged ones have angles of
145.7 and 133.8°, respectively, toward two Fe atoms in the cluster. Marginal
difference 1n bond lengths of CO between terminal and bridged ones was recog-
nized (1.13 and 1.18 10\ respectively, on average).

Finally, the Fe—Fe distances in complex 5 are 2.553(2) A for the one with
bridging carbonyls and P atoms of BPPF, 2.728(2) and 2.730(2) A for the ones
without such bridging carbonyls in between. Interestingly, the four Fe atoms of the
complex are located almost on the same plane; 0.05 A (Fe of ferrocene) above the
least-square plane of the three Fe atoms of Fe,(CO),, moiety.
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