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The intermolecular hydrogen bonding in mono-subtd ferrocenylphosphinic acid
Fc(P(R)(O)(OH)) (R = H, Me, Et, Ph) proceeds higstigreoselectively with formation of
enantiomorphous chains. In disubstituted acidsBE¢{P(R)(O)(OH)) (R = Me, Et, Ph)

molecular and crystal structure is determined leyctbmpetition of intermolecular and
intramolecular hydrogen bonding.
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The series of ferrocenylphosphinic acids Fc(P(R)3®)) (la-d) and ferrocene-1,1'-diyl-

phosphinic acids Fc(P(R)(O)(OH))X2a-d) (R = H (a), Me (b), Et (c), Ph (d)) have been
obtained and studied using X-ray single crystaffrddtion, IR-spectroscopy and quantum
chemistry. The intermolecular hydrogen bondindlad proceeds highly stereoselectively and
results in formation of racemic conglomerateldf The formation of inter- and intra-molecular

hydrogen bonds for disubstituted acittsd depends on substituent at phosphorus atoms.

Introduction

The arylphosphinic acids ArP(R)(O)(OH) (R = H, dlkwaryl) are widely used for the
construction of self-assembled two- and three- dsmmal structures or single molecular
magnets (SMM) based on p- [1], d- [2] and f- [3]tadg, e.g., Ru [4] and Mn [5] complexes. The
replacement of the aryl fragment in these acidghercognate ferrocenyl fragment, containing
redox-active iron atom, may result in additionaknesting properties like enhanced exchange
interactions and give the opportunity to make seneoswitchable devices.

However ferrocenylphosphinic acids, @) are poorly studied in contrast to other ferrodeny
containing phosphorus acids. For example, ferrdpdimgphinous acids3) existing as the
mixtures of two tautomeric forms have been widelypoyed as ligands in transition metals
catalysis of cross-coupling reactions [6,7], asyitmme hydrogenation [8] etc.
Ferrocenylphosphonic acid)(has been considered as redox-active pH-responsiecule and
the redox half-wave potential of ferrocenylphospdites is sensitive to the bonding mode with

metal atoms [9-14].
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R =H: X = H (1a), P(O)(OH)H (2a)

R = Me: X = H (1b), P(O)(OH)Me (2b)
R = Et: X = H (1c), P(O)(OH)Et (2c)

R = Ph: X = H (1d), P(O)(OH)Ph (2d)

The data on the synthesis, structure and redoxepiiep of ferrocenylphosphinic acids are
scarcely presented, although their first synthdates back to 1962: Solott and Howard found
that ferrocene reacts with RCinder Fridel-Crafts reaction conditions in thesarece of AlIC] to
form (1a) and @a) with the yield of 3.2% and 4.6% respectively aftee hydrolysis [15].
Diferrocenylphosphinic acid was also isolated frtms mixture [16]. The yield ofl@) was
slightly improved to 8.6% using MHPCL as starting reagent instead of PCl7]. The
formation of (a) as a side-product has been also observed inytmllgsis of diphosphene
tbtP=PFc (tbt = 2,4,6-tris[bis(trimethylsilyl)metfyphenyl, Fc = ferrocenyl) [18].
Ferrocenylphenylphosphinic acidd) was obtained in high yield of 92%a the reaction of
ethyl ferrocenylphenylphosphinate Fc(Ph)P(O)OEhwite;SiBr and the following hydrolysis
[19]. However the preparation of Fc(Ph)P(O)OEt Wwased on the use of hazardous gas ClI
[19].

It should be mentioned that no information on tlemformational behaviour or hydrogen
bonding of ferrocenylphopshinic acid4,?) is available although intra- or intermolecular
hydrogen bonding is very important for their coaation properties and self-organization into
novel coordination polymers and metal-organic fremodks [20]. In this respect
ferrocenylphosphinic acidd,@) are especially attractive due to opportunity tieaively tune
both conformation and hydrogen bonding by variaiohsubstituents at phosphorus atoms.

Hereon we report on the preparation and structéira series of mono- and disubstituted
ferrocenylphosphinic acids.

Results and Discussion
Synthesis

For the preparation of ferrocenylphosphinic acigshave elaborated a new method based on
the high reactivity of P-N bond towards acid hygisid. Indeed we have found that the heating
of ferrocene-1,1'-diyl-bis(diaminophosphiné&p) [21,22] with 10% HCI results in formation of
ferrocene-1,1'-diyl-bis(H-phosphinic acid2g) with good yield (eq.1).
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In similar manner the hydrolysis of diaminoferroggmosphine %a) obtained by the reaction
of mono-lithiated ferrocene FcLi with CIP(Nkt leads to ferrocenyl(H-phosphinic acidgj.

In similar manner ferrocenyl(phenyl)phosphinic 1d and ferrocene-1,1'-diyl-
bis(phenylphosphinic acid) 2¢) were obtained in good yield (eq.2) using
amidochlorophenylphosphinate PhP(O)(CI)N&4 a starting reagent.
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X = H (6a), X =H (1d);

X = P(O)(NEt,)Ph (6b) X =P(O)(OH)Ph (2d)

However the reaction of lithiated ferrocene dernxeg FcLi or Fcli with
alkylamidochlorophosphonates AlkP(O)(NEl (Alk = Me, Et) takes place neither at low
temperature nor upon heating. Therefore for the pamaion of alkyl substituted
ferrocenylphosphinic aciddl§-c, 2b-c) we have used a three step route including thdiosaof
FcLi or FclLb with alkyl(diethylamido)(chloro)phosphite to form
alkylamidoferrocenylphosphoniteg)((eq.3).
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Alk=Me: X=H (1b, 7a, 8a),P(OMe)NEt, (7c),P(O)(NEt,)Me (8c),P(O)(OH)Me (2b)
Alk=Et; X=H (1c, 7b, 8b),P(OEt)NEt, (7d),P(NEt,)(O)Et (8d),P(O)(OH)E (2¢)

The latter treated by iodoalkanes underwent Midkalbuzov rearrangement [23] to
alkyl(ferrocenyl)amidophosphinates)( which were hydrolyzed with 10% HCI to form the
corresponding ferrocenyl(alkyl)phosphinic acidb-€, 2b-c) with the overall yield ~50%.



Structure

All monosubstituted Xa-d) as well as three disubstituted ferrocene-1,lI-disphosphinic
acids @b-d) gave single crystals suitable for X-ray diffracti study (figures 1-6, see also
supplementary materials, figures S1-S2).

Phosphinic acids possess the ability to form stioydrogen bonds in the solid state by virtue
of the very electronegative O atoms bound to act@positive P atom [24]. Simple phosphinic
acids in the gas phase show almost twice the dzaigon enthalpy of the analogous carboxylic
acids [25].

One might expect the self-assembly of the molecuteshe crystalline phase with the
formation of acidic dimers typical for phenylphospb acid [26], however all the studied
monosubstituted compound4afd) exhibit the same supramolecular pattern — a lge&ho

bonded polymeric chain along the twofold screw axis

Figure 1. ORTEP view of ferrocenylmethylphosphiaaid (Lb). Ellipsoids probability 50%.

It should be mentioned that the phosphorus atomthis series of monosubstituted
ferrocenylphosphinic acidsld-d) is chiral and the formation of enantiomorphousinogen-
bonded chains indicates that chiral recognitioruccm these compounds. However, it is not the
sufficient condition for the whole crystal to beirelh The first members of the seriea) and
(1b) are racemates crystallizing in the centrosymmefpiace group RZ. The enantiomorphous
chains are arranged in alternating fashion, andséwendary weak C-H...O interactions bound

the chains consisting of opposite enantiomers #jg.



Figure 2 A fragment of crystal packing of ferrocrlyphosphinic acid) 1a)

The same phenomena of chiral molecular recogntimurs in the crystals of the substituted
acids (c, d) with R= Et and Ph. However, the ethyl derivat{le) was found to be a racemic
twin, which means that each unit cell consistsred enantiomer but the crystal is made of both
types of unit cells. In the crystals of the phedgrivative (d) two enantiomers crystallize
separately with the Flack parameter being equ@l@(2) (fig.3) to form racemic conglomerate.

Figure 3 A fragment of crystal packing of ferrocpkienyl)phoshinic acidl{)



The introduction of the second phosphinic acid rfragt into ferrocene results in drastically
different hydrogen bonding patterns (fig.4,5). Thias presence of two hydrogen bond donors
and several acceptors 2b results in two-dimensional intermolecular hydrodgpemded network
in which each molecule is bound to four neighbwasstrong hydrogen bonds (fig. 5).

These interactions determine the ideahs orientation of two substituents and thus the skewe

conformation of the Cp-ring of ferrocene fragmdig.4).

Figure 4. ORTEP view of 1,1'-ferrocenylene bis(nyphosphinic acid) Zb). Ellipsoids
probability 50%.

It is interesting enough that completely differenystal structure is observed in ethyl and
phenyl derivativesZc, d), in which intramolecular contra intermoleculateiractions determine
the crystal packing.

The strong intramolecular hydrogen bonding betwthentwo acidic fragments is observed in
2c (fig. 6) and2d (fig. S2), that results in perfectly eclipsed cmnfiation and causes a
significant tilt of the two cyclopentadienyl ringsom the parallel orientation. Oxygen atoms
participate in multiple weak C-H...O intermoleculataractions which determine not only the
packing motif, but also the molecular structure particular the orientation of substituents R

respective to the ferrocenyl fragment (fig.6).



Figure 5. A fragment of crystal packing2i§ showing hydrogen bonding scheme.

To obtain further information about hydrogen bomdin ferrocenylphosphinic acidd,®)
Density Functional Theory (DFT) computations coneloirwith infrared (IR) spectroscopy were
carried out. IR spectra of the compounds (fig.Badly point to strong hydrogen bonding

between POH and P=0O groups.

Figure 6. ORTEP view of 1,1'-ferrocenylene bis(dpitmpsphinic acid) Zc). Ellipsoids
probability 50%.

For the case of ferrocene-1,1'-diyl-bis(ethylphasjghacid) @c), taken as an example of the
intramolecularly H-bonded species, DFT computatisinew that owing to this cooperative H-
bonding there arises strong dynamic interactiotwaf vP=0 and twodPOH oscillators. This

results in complex vibrations of eight-memberedlicysystem (P=0...H-O-B) producing three



bands in the spectral region between 1150 and &é2B(fig. 7) instead of two bands®=0 and
0POH) expected for the corresponding independenliaiscs.
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Figure 7. Experimental (red) and DFT simulated ¢k)alR spectra of ferrocene-1,1'-diyl-
bis(ethylphosphinic acidR€). The simulated spectrum represents the computegiéncies and

intensities, plotted with a Lorentzian broadenihg.i.m. = 10 cm-1)

We estimated the energy of the intramolecular HdsofEHB.) as the difference between
the energies of conformers | and V of molecBe(fig. 8). The former is stabilized by two
intramolecular P=0...H-O-P bonds, while in the lattenformer the H-bonding is absent. Thus,
the energy of formation of the two H-bonds in malea roughly equals to 23 kcal/mol. Very

similar values of 23 - 24 kcal/mol were obtainedha same way for the molecul@s-d.
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Figure 8. Conformations of ferrocene-1,1'-diyl-bigghosphinic acid)da) and their computed
energies (kcal/mol) relative to the energy of thestrstable conformer I. Structures | and V are
optimized without any constraints. The structurdesil, IV, VI, VII, VIII, IX, X are optimized
with dihedrals (P)CYY'C’(P’) fixed at 3% 108, 144, 170, -14#&, -108, -72 and -38

respectively, where Y designates the center ofi@@p H-bonds are plotted with dotted lines.

The above approach seems reasonable as in thecabsénH-bonds the “immanent”
conformational energy & depends on conformation of the ferrocenyl moietly slightly. For
example, the energies of conformations V-VIII (f§). differ by no more than 0.3 kcal/mol.
Similar conformational flexibility was found eanliéor 1,1’-dimethylferrocene [27]. The barrier
to internal rotation of RP(=0O)OH moiety relative f@rrocenyl fragment, according to present
computations, does not exceed 3 kcal/mol.

The energy of the intermolecular P=0...H-O-P hydrogending (EHB.), calculated as the
energy difference between the H-bonded dimer ofemdés la and two corresponding
monomer species, amounts to 16.5 kcal/mol. Thisieyabeing larger than EHRB. per one
P=0...H-O-P bond (~11.5 kcal/mol f@a), is smaller than the enthalpy of H-bonding in the
dimers of dimethyl-, bis(chloromethyl)- and diph&hosphinic acids (24, 35 and 50 kcal/mol,
respectively) [28].

Conclusions

The series of mono- and disubstituted ferrocenyphmic acids Fc(P(R)(O)(OH)(n = 1,2;
R = H, Me, Et, Ph) were obtained. The intermolechigdrogen bonding in mono-substituted
ferrocenylphosphinic acid Fc(P(R)(O)(OH)) (R = k), Me (lb), Et (1c), Ph (d)) proceeds



highly stereoselectively, with formation of enamiiorphous chains, which results in formation
of racemic conglomerate itd. In disubstituted acids 1,1’-Fc(P(R)(O)(OH|R = Me @b), Et
(2c), Ph @d)) molecular and crystal structure is determinedh®/competition of intramolecular
(2b) and intermolecular hydrogen bondine (@and 2d). Diversity of conformational forms of
ferrocenylphosphinic acid along with possibilityadjust the hydrogen bonding by the variation
of substituents at phosphorus atom opens a passtioilobtain novel coordination polymers or

metal-organic frameworks with tunable properties.

Experimental Section

All reactions and manipulations were carried outlamdry pure Ar in standard Schlenk
apparatus. Hexane, THF,,Btwere distilled from sodium/benzophenone and dtareler argon
before use. MeOH was dried and distilled over M@ [Z2he NMR spectra were recorded with a
Bruker Avance-400 spectrometeéH( 400 MHz;*'P: 161.7 MHz**C: 100.6 MHz). SiMg was
used as the internal reference bt and **C NMR chemical shifts, and 85%3Pi0; as the
external reference fo'P NMR spectroscopy. IR spectra were recorded ofilR Bpectrometer
Bruker Vector-22 in the 400 — 4000 ¢mnange at optical resolution of 4 émSolid samples
were prepared as KBr pellets.

Ferrocene (Aldrich), n-butyl lithium (1.6M in hexas (Aldrich)), t-butyl lithium (1.7M in
pentane (Aldrich)), tetramethylethylenediamine (@age(Aldrich), Etl (Aldrich), Mel (Aldrich)
were used as supplied. Initial compounds ;NEPCI [30,31], PhP(O)(CI)NEt [32],
(EtO)P(CI)NE% [33], (MeO)P(CI)NE} [34] were prepared according to literature procesu
Mono- and dilithiated ferrocene FcLi [35], Fgl[B6] were obtained on known procedure using
'‘BuLi/KO'Bu and n-BulLi/tmeda systems respectively.

Computational Aspects

All computations reported in this study were catr@ut using the Gaussian 03 [37] suite of
programs. Calculations were performed with Beck#isee parameter hybrid exchange
functional [38] and the gradient-corrected nonlagairelation functional of Lee, Yang and Parr
(B3LYP) [39]. The ligand atoms H, C, O and P wamated with 6-31G* basis set [40], while
for Fe atoms ECP LanL2DZ basis set [41] was uséis method was shown to produce good
results when describing structural, energetic grettsoscopic parameters of ferrocenes and their
pentaphospholyl analogues [27]. All stationary powmere characterized as minima by analysis
of the Hessian matrices. The calculated force digldre transformed to internal coordinates, and
scaling procedure was applied using the prograroritbesl in ref [42]. The transferable scaling

factors employed in this work are summarized inl@dls (ESI). The scaling factor of 1.25 was
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taken for FeC stretchings as this value resultetierbest agreement between the calculated and
the corresponding experimental vibrational frequeshof ferrocenes [27].

X-ray Structure Analyses

Data for crystalda-1d and2b were collected on a Bruker Smart Apex Il CCD diftometer,

for 2d on a Bruker Kappa Apex Il CCD diffractometer, faron a Bruker Kappa Apex Duo
diffractometer using graphite-monochromated«yi®.71073 A) radiation. Programs used: data
collection APEX2 (Bruker, 2004) [43], COLLECT [44]ata reduction SAINT (Bruker, 2004)
[43], Dirax/Isq [45], EvalCCD [46], absorption ceation SADABS version 2.10 (Sheldrick,
Bruker AXS Inc., 2002) [43], structure solution W], SHELXS97 (Sheldrick, 1997) [48],
structure refinement by full-matrix least-squargaiast E using SHELXL-97 [48] and WinGX
[49], graphics ORTEPS3 for Windows [50].

1. Ferrocenylphosphonous acid N,N-diethylami{@a). To solution of ferrocenyllithium FcLi
obtained from ferrocene (21.1 g, 110 mm&OK (2.36 g, 21 mmol) anBuLi (47 ml, 80
mmol) in 300 ml THF was added dropwise (PCl (16.8 g, 80 mmol) at -78°C. Reaction
mixture was stirred for 6 hours at room temperatiBelvent was removed under reduced
pressure and residue was purified by column chrognaphy to give 17,8 g (62%) &a as
orange oil."H NMR (CDCk): & 1.09 (tr,33y = 7.2 Hz, 12H, Ch), 2.91 (m, 8H, Ch), 4.06 (s,
5H, Cp), 4.21 (br s, 2H, &CsH,), 4.32 (br s, 2H, B-CsH.). *'P{*H}-NMR (CDCls): 5 98.4 (s).
Analysis (%). Calc. for gHosFeN,P (360.26): C 55.6, H 6.3. Found: C 55.2, H 6.2.

2. Ferrocenyl(phenyl)phosphinic acid N,N-diethylam{@a). In similar manner from ferrocene
(21.1 g, 0.11 mmol)'BuOK (2.36 g, 0.021 mmol)BuLi (50 ml, 1.6 M, 0.08 mmol) and
PhP(O)(CI)(NE4) (18.5 g, 0.08 mol) was obtained 21.7 g (71 %pahs orange oil'H-NMR
(DMSO-d): & 0.91 (1,334 6.9 Hz, 6H, CH), 2.83 (m, 4H, CH), 3.88 (s, 5H, Cp), 4.16 (s, 1H,
Ha-CsHy), 4.44 (s, 1H, d-CsHy), 4.49 (s, 1H, B-CsHy), 4.61 (s, 1H, B-CsHy), 7.6 (m, 3H,
Ph), 7.88 (dd>Juy 6.50 Hz,*Jup 11.18 Hz, 2H, o-PhP'P{*H}-NMR (DMSO-dg): & 33.6 (s).
Analysis (%). Calc. for gH»4/FeNOP (381.23): C 63.0, H 6.3. Found: C 63.6; H, 6.

11



Table 1 Crystallographic data for ferrocenylphosphinicdadi,2

Compound reference la 1b 1c* 1d 2b 2c 2d
Chemical formula @H FeQP CyHisFeQP GoHisFeQP  GeHisFeOP  GoHigFeQP,  CigHxFeQP; CooHooFeQP;
Formula Mass 250.01 264.03 278.06 326.10 342.04 .0970 466.17
Crystal system Monoclinic  Monoclinic  Orthorhombic rtbrhombic  Monoclinic Monoclinic Monoclinic
alA 13.062(13) 10.6190(10) 6.0910(1) 7.689(2) 8.636( 13.753(2) 22.98(3)
b/A 7.556(8) 7.0310(10) 7.6550(1) 8.774(2) 11.506(8) 7.9070(10) 7.918(9)
c/A 10.554(11) 14.845(2) 25.497(5) 20.840(4) 7.138(5 14.432(2) 11.096(13)
al® 90.00 90.00 90.00 90.00 90.00 90.00 90.00
pl° 108.340(10) 105.0750(10) 90.00 90.00 108.786(7) 92.711(4) 106.16(3)
yl° 90.00 90.00 90.00 90.00 90.00 90.00 90.00
Unit cell volume/& 988.7(18) 1070.2(2) 1188.8(3) 1405.9(6) 675.4(8) 56717(4) 1940(4)
Temperature/K 296(2) 100(2) 296(2) 296(2) 296(2) (2y5 150(2)
Space group P2(1)/c P2(1)/c P2(1)2(1)2(1) P2(1)2(1)2(1) P2(1)/c C2/c C2/c
z 4 4 4 4 2 4 4
No. of reflections measured 7694 7770 9841 22241 5332 19284 8430
No. of independent reflections 2152 2451 2705 3545 1323 2082 1599
Rint 0.0683 0.0786 0.0565 0.0840 0.0320 0.0289 0.1289
Final Ry values [ > 25(1)) 0.0371 0.0282 0.0464 0.0345 0.0272 0.0224 0.0429
Final WR(F?) values [ > 2(1)) 0.0817 0.0787 0.0877 0.0539 0.0672 0.0588 0.0847
Final R, values (all data) 0.0587 0.0292 0.0743 0.0712 1003 0.0307 0.0770
Final wR(F?) values (all data) 0.0898 0.0794 0.0980 0.0605 6900 0.0611 0.0932
Flack parameter 0.5 0.01(2)

12
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3. Ferrocene-1,1'-diyl-bis(phosphonous acid N,N-diithyde) (5b). To a suspension of 1,1'-
ferrocenedilithium Fclg, obtained from ferrocene (10 g, 54 mmol), n-BuLl (ml, 114 mmol)
and TMEDA (17 mL, 114 mmol) in 200 ml petroleum @thwas added dropwise a solution of
(EtzN).PCI (24.8 g, 118 mmol) in petroleum ether (40 mt)-#°C. Reaction mixture was
stirred for 6 hours at room temperature. Solvens wemoved under reduced pressure and
mixture was dissolved in 150 ml dichloromethane arm$hed with water. Organic layer was
separated, dried over p&0O,, filtered and solvent was evaporated to leave 8289 %) of5Sb

as orange oil*H-NMR (DMSO-d;): 5 0.98 (t,°Ju 6.8 Hz, 12H, CH), 2.82 (m, 8H, CH), 4.51
(br s, 4H, H-CsHa), 4.69 (br s, 4H, B-CsHa). *'P{*H}-NMR (DMSO-ds): & 93.4 (s) [51].
Analysis (%).Calc. for ggHisFeNsP, (534.48): C, 58.43; H, 9.05%. Found: C, 58.3; 819

4. Ferrocene-1,1'-diyl-bis(phenylphosphinic acid N,ithylamide) (6b). In similar manner
from ferrocene (10 g, 54 mmol), n-BuLi (71 ml, 1d¥nol), TMEDA (17 mL, 114 mmol) and
PhP(O)(CI)N(ER) (26.4 g, 114 mmol) was obtained 22.4 g (72 ¥$tohs orange oifH-NMR
(DMSO-a): & 0.94 (t,°J4y 6.8 Hz, 12H, CH), 2.88 (m, 8H, Ch), 4.57 (br s, 4H, K-CsHJ),
4.65 (br s, 4H, B-CsHy), 7.63 (m, 6H, Ph), 7.88 (m, 4H, o-PAP{*H}-NMR (DMSO-de): &
33.5 (s). Analysis (%).Calc. forsgHzgFeNO,P, (576.43): C, 62.5; H, 6.6%. Found: C, 62.3; H,
6.4.

5. O-Methyl-ferrocenylphosphonous acid N,N-Diethylaanid(7a). To solution of
ferrocenyllithium FcLi obtained from ferrocene (054 mmol),'BuOK (1.12 g, 10 mmol) and
'‘BuLi (22.4 ml, 38 mmol) in 150ml THF was added drige (MeO)P(CI)(NE) (6.55 g, 40
mmol) at -78°C. Reaction mixture was stirred foh@urs at room temperature. Solvent was
evaporated under reduced pressure and residue issdved in 150 ml dichloromethane and
washed with water. Organic layer was dried oveiS{@, filtered and solvent was evaporated to
leave 7.66 g (63 %) ofa as orange oil'H-NMR (CDCk): & 0.97 (t,*} 6.83 Hz, 6H, CH),
2.84 (m, 4H, CH), 3.42 (s, 3H, OMe), 4.08 (s, 5H, Cp), 4.17 (m, Bd-CsH,), 4.38 (br s, 2H,
HB-CsHa). **P{*H}-NMR (CDCl3): & 136.2 (s). Analysis (%).Calc. for;,,FeOPN (319.16):
C 56.4,H 6.9. Found: C 56.1, H 6.6.

6. O-Ethyl-ferrocenylphosphonous acid N,N-Diethylami@#). In similar manner from
ferrocene (10 g, 54 mmolfBuUOK (1.12 g, 10 mmol)BuLi (22.4 ml, 38 mmol) and
(EtO)P(CI)(NE}) (7.34 g, 40 mmol) was obtained 8.66 g (65 %Yfas orange oil'H-NMR
(CDCly): § 0.91 (t,°J4n 6.6 Hz, 6H, CH), 1.26 (tr,23u 6.9 Hz, 3H, Et), 2.95 (m, 4H, GH 3.74
(m, 2H, CH), 4.11(s, 5H, Cp), 4.21 (M, 2H,4CsH4), 4.43 (m, 2H, B-CsHa). *P{*H}-NMR
(CDCl): 6 130.3 (s). Analysis (%). Calc. fori§H24FeOPN (333.19): C 57.6, H 7.2. Found: C,
57.1,H, 7.2.
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7. Ferrocene-1,1'-diyl-bis((O-methyl)phosphonous adjtll-diethylamide)7c). To a suspension
of 1,1’-dilithiumferrocene Fclii obtained from ferrocene (10 g, 54 mmol), n-Bull {ml, 114
mmol) and TMEDA (17 mL, 114 mmol) in petroleum atl{200 ml) was added dropwise at -
78°C a solution of (MeO)P(CIH(NBt(19.32 g, 114 mmol) in petroleum ether (40 mLgaBtion
mixture was stirred for 12 hours at room tempegmtiBolvent was removed under reduced
pressure and mixture was dissolved in 150 ml dranmeethane and washed with water. Organic
layer was separated, dried over,8i@, filtered and solvent was evaporated to leave 21.7
(89%) of7c as orange oifH-NMR (CDCL): § 0.99 (tr,*Juy = 6.4 Hz, 12H, Ch), 2.88 (m, 8H,
CH;,), 3.33 (s, 6H, Me), 4.45 (m, 4H #CsHy), 4.55 (M, 4H, B-CsH,). *'P{*H}-NMR (CDCl3):

6 135.7 (s). Analysis (%).Calc. for,gH3,FeGP.N, (452.29): C 53.1, H 7.5. Found: C 53.0, H
7.2.

8. Ferrocene-1,1'-diyl-bis((O-ethyl)phosphonous acitNNiethylamide)7d). In similar manner
from ferrocene (10 g, 54 mmol), n-BuLi (71 ml, 1d¥nol), TMEDA (17 mL, 114 mmol) and
EtOP(CI)N(Et) (20.92 g, 114 mmol) was obtained 22.3 g (86 %Jdas orange oil'H-NMR
(CDCl): 6 1.00 (t,°J4n 6.6 Hz, 12H, CH), 1.22 (tr,*J4n 7.0 Hz, 6H, CH), 3.01 (m, 8H, NE),
3.78 (M, 4H, CH), 4.40 (m, 4H, BCsH,), 4.53 (M, 4H, B-CsHy). *'P{*H}-NMR (CDCls): 6
130.6 (s). Analysis (%). Calc. foro@H3gFeQP.N, (480.34): C 55.0, H 7.9. Found: C 55.2, H
7.7.

9. Ferrocenyl(methyl)phosphinic acid N,N-diethylami(8a). To solution of7a (7.66g, 24
mmol) in 50 ml CHCI, was added Mel (3.41 g, 24 mmol). Reaction mixtuas refluxed for 3
hours. Solvent was evaporated to leave 7.16 g (38%} as orange oil'H-NMR (CDCk): &
1.46 (tr,%3un = 7.9 Hz, 6H, CH), 1.90 (d,%Jue 14.8 Hz, 3H, CH), 3.06 (m, 4H, Ch), 4.36 (s,
5H, Cp), 4.49 (s, 2H, HCsH4), 4.56 (s, 2H, #CsHa). *'P{'H}-NMR (CDCl3): & 56.7 (s).
Analysis (%). Calc. for gH2,FeNOP (319.16): C 56.4, H 6.9.Found: C 56.2, H 6.8.

10. Ferrocenyl(ethyl)phosphinic acid N,N-diethylami@®). In similar manner fron7b (7.99g,
24 mmol) and Etl (4.49 g, 24 mmol) was obtained ¢.®1%) of8b as orange oil*H-NMR
(CDCl): 6 0.94 (tr,*J 7.02 Hz, 6H, CH), 1.32 (dt>Jun 6.98 Hz,3p2.14 Hz, 3H, CH), 1.88
(m, 2H, CH), 2.93 (m, 4H, CH), 4.25 (s, 5H, Cp), 4.28 (m, 1H,CsHys), 4.29 (m, 1H, B
CsHa), 4.34 (M, 1H, BCsHy), 4.40 (M, 1H, B-CsHa). *'P{*H}-NMR (CDCly): & 43.1 (s).
Analysis (%). Calc. for gH24FeNOP (333.19): C 57.6, H 7.2. Found: C 57.5, H 6.9

11. Ferrocene-1,1'-diyl-bis(methylphosphinic acid N,Mtdylamide)(8c). In similar manner
from 7c (21.9g, 48 mmol) and Mel (13.63 g, 96 mmol) wasaoted 20.4 g (93 %) d8c as
orange oil.*H-NMR (CDCk): & 1.43 (tr,3)uy = 6.5 Hz, 12H, Ch), 1.95 (d,®J}p 15.1 Hz, 6H,
Me), 2.98 (m, 8H, Ch), 4.48 (m, 4H, BFCsHs), 4.52 (m, 4H, B-CsHi). *'P{*H}-NMR
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(CDCl): 6 56.3 (s). Analysis (%).Calc. for,gH3,FeNOLP; (452.29): C 53.1, H 7.5. Found: C
53.1,H 7.0.

12.Ferrocene-1,1'-diyl-bis(ethylphosphinic acid N,Mdthiylamide)8d). In similar manner from
7d (22.4g, 47 mmol) and Etl (14.7 g, 94 mmol) wasaoidd 20.7 g (92%) dd as orange oil.
'H-NMR (CDCL): & 1.48 (tr,*Jun = 6.4 Hz, 12H, Ch), 1.89 (tr, >34y 7.2 Hz, 6H, CH), 2.97 (m,
8H, CHy), 2.28 (m, 4H, Ch), 4.46 (m, 4H, FCsHy), 4.52 (m, 4H, B-CsHa). *'P{'H}-NMR
(CDCl3): 6 43.2 (s). Analysis (%).Calc. for,@H3sFeNO2P, (480.34): C 55.0, H 7.9. Found: C
54.8, H 7.6.

13. Ferrocenyl(H-phosphinic acid)la).To solution of5a (15.0 g, 41.6 mmol) in 40 ml of EtOH
was added 10% HCI (50 ml, 170 mmol) (Caution! HoPYecipitate was filtered, washed
subsequently with water and petroleum ether aretidsn air at 2%C to give 9.1 g (87%) ofl@)
as a microcrystalline brown solid, m.p. 127¢8-NMR (DMSO-d): & 4.30 (s, 5H, Cp ), 4.46
(m, 4H, Cp), 7.56 (1H,*34p 550.1 Hz, P-H)*'P{-} NMR (DMSO-d°): § 19.6 (d,"J.p 550.1 Hz),
BC{*H}-NMR (DMSO-d®): § 69.6 (s, Cp), 71.1 (dJep 15.4 Hz, C2), 71.6 (dJcp 11.7 Hz, C3),
72.9 (d,'Jep 145.6 Hz, C1). IR (KBr): 3110 m, 3093 sha(CH); 2663 w {(P)O-H); 2421 w
(vPH); 1704 shJ(P)OH); 1422 mCC); 1386 w ¢CC); 1367 w; 1314 vw; 1198 $KOH,
vP=0); 1106 s (Cp breath); 1091 (sbHPO); 1034 s§CCH); 977 vs¢P-O(H)); 890 s§CCC,
vP-O(H)); 843 (sh) CH, yOH); 819 m; 640 w dCp in-plane). Analysis (%). Calc. for
CioH11FeGP (250.01): C 48.0, H 4.4. Found: C 48.1, H 4.3.

In similar manner were prepared following ferrodghgsphinic acid:

14. From8a (7.16 g, 22.4 mmol) was obtained 4.7 g (79%eofocenyl(methyl)phosphinic acid
(1b) as a microcrystalline brown solid, m.p. 163*8:NMR (DMSO-d): § 1.5 (d,2Jp 14.5 Hz,
3H, Me), 4.3 (s, 5H, Cp), 4.40 (m, 2H, Cp), 4.41, @Hl, Cp), 5.79 (br s, 1H, P-OH)'P{*H}-
NMR (DMSO-df): § 38.4; °C{*H}-NMR (DMSO-d°: & 18.0 (d,"Jecp 101.4 Hz, Me), 69.6 (s,
Cp), 70.8 (d,Jcp 4.7 Hz, C3), 70.9 (s, C2), 75.6 (tcp 144.1 Hz, C1); IR (KBr): 3083 s
(valCH); 2980 w, 2913 w, 2850 w4{xCH); 2542 m {(P)O-H); 2246 m, 2137 m, 2057 m
(2yOH); 1783 w, 1714 m, 1688 m, 1621 &(R)OH); 1427 m (ChvCC); 1409 w (CpvCC);
1389 w, 1370 w, 1350 vw, 1315 w (€pCC); 1300 s (Me); 1207 s, 1186&OH,vP=0, C§i
breatli); 1125 s; 1107 s (Cp bre§th1040 s, 1029 s (C@BCCH); 998 s, 984 vs, 966 sH-
O(H)); 903 s (Me); 889 ms (EBCCC,vP-O(H)); 852 s, 824 s (EpCH, yOH); 812 s; 761 s;
636 mw Cp° in-plane). Analysis (%).Calc. for,gH:3FeQP (264.04): C 50.0, H 4.9. Found: C
49.6, H 5.0.

15. From8b (7.3 g, 21.9 mmol) was obtained 5.2 g (83 %jevfocenyl(ethyl)phosphinic acid
(1c) as a microcrystalline brown solid, m.p. 178*8-NMR (CDCk): & 1.16 (m, 3H, Ch), 1.88
(br s, 2H, CH), 4.42 (br s, 5H, Cp), 4.51 (br.s., 2H, Cp), 10(@5s, 1H, P-OH)*'P{*H}-NMR
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(CDCL): & 43.1 (s):C{*H}-NMR (CDCls): § 5.8 (d,%Jcp 4.4 Hz, Et), 23.3 (d"Jep 108.2 Hz,
Et), 72.3 (d,Jcp 11.0 Hz, C3p), 72.6 (d,Jcp 13.5 Hz, C2y), 74.6 (d,"Jcp 132.4 Hz, C&y); IR
(KBr): 3106 m ¢4, CH); 2981 m, 2928 w, 2855 w4{CH); 2703 vw, 2631 vwy(P)O-H); 2319
vw, 2256 vw (2OH); 1698 w, 1652 md(P)OH); 1477 vw; 1458 w (. CHs); 1443 w; 1424 w
(Cp° vCC); 1412 vw (EBCHs); 1389 w, 1370 w, 1353 vw, 1313 vw (GgCC); 1294 vw (Me);
1228 sh (EtCH,); 1193 s §POH,vP=0, CP breatfi); 1165 s; 1143 s; 1107 s (Cp brdégth037
vs (CP 5CCH); 1002 s (EtCH,); 987 s, 963 svP-O(H)); 896 m (CPSCCC,vP-O(H)); 843 sh,
821 m (CP yCH, yOH); 774 w; 751 w (EpCHy); 721 w ¢PEt,5PEt,30P0); 638 vw §Cp in-
plane). Analysis (%).Calc. for,gHisFeGP (278.06): C 51.8, H 5.4. Found: C 51.5, H 5.4.

16. From6b (21.7 g, 40.6 mmol) was obtained 17.7 g (95%jeofocenyl(phenyl)phosphinic
acid (1d) as microcrystalline brown solid, m.p. 201 °C (JletH-NMR (DMSO-d): § 4.19 (s,
5H, Cp), 4.39 (m, 4H, Cp, 7.48 (m, 3H, Ph), 7.72 (dd, 2B,1=7.22 Hz *}s=11.34 Hz, 0-Ph);
31pfIH}-NMR (DMSO-d°): & 27.8 (s):"*C{*H}-NMR (DMSO-d°): & 69.7 (s, Cp), 71.2 (dJ)cp
11.4 Hz, C3), 71.6 (dJep 13.9 Hz, C2), 74.9 (dJcp 152.6 Hz, C1), 128.5 (dJep 12.4 Hz, p-
Cer), 130.8 (d2Jcp 9.5 Hz, m-Gy), 131.4 (d*Jep 1.5 Hz, 0-Gp), 136.8 (d,}Jcp 136.5 Hz, ipso-
Cer). IR (KBr): 3094 w, 3055 wve,CH); 2599 w {(P)O-H); 1704 (sh)§(P)OH) ; 1593 m (Ph
vga); 1484 w (PRvigy); 1437 s (Phviey); 1422 m ¢CC); 1386 mCC); 1369 m ; 1312 w ; 1190
s GPOH,vP=0, C§ breati) 1183 s (Phive,); 1125 s (Phvis); 1107 s (Cp breath); 1071 s {Ph
vigr); 1028 s §CCH); 1001 s (Phviy); 959 vs (P-O(H)); 894 s CCC, vP-O(H)); 840 (sh)
(yCH, YOH); 824 s ; 751 m (Phv1); 715 s (PR viy); 695 s (Phv,); 637 w §Cp in-plane).
Analysis (%).Calc. for gH1sFeQP (326.11): C 58.9, H 4.6. Found: C 58.5, H 4.4.

17. From5b (14.0 g, 26.2 mmol) was obtained 7.6 g (92%)fafocene-1,1'-diyl-bis(H-
phosphinic acidj2a) as a microcrystalline brown solid, m.p. 188*8-NMR (DMSO-d): 5 4.6
(m, 8H, Cp), 7.5 (d'J4p 565.4, 2H, P-H)**P{-}-NMR (DMSO-d®): § 18.5 (d, Jp 565.4 Hz);
13c{*H}-NMR (DMSO-d°): § 72.8 (d,2Jcp 15.0 Hz, C2), 73.2 (d)ep 11.0 Hz, C3), 73.8 (dJep
136.8 Hz, C1); IR (KBr): 3110 (sh), 3093 wyCH); 2622 w ¢(P)O-H); 2391 myPH); 1704
(sh) 6(P)OH); 1424 m+CC); 1392 m {CC); 1364 m; 1313 w; 1196 v§ROH, vP=0, Cp
breath); 1091 s3HPO); 1037 s§CCH); 982 s{P-O(H)); 890 s§CCC,vP-O(H)); 841 s{CH,
vOH); 822 (sh); 637 s5Cp in-plane). Analysis (%).Calc. forigH.FeQP, (313.99): C 38.2, H
3.8. Found: C 38.1, H 3.6.

18. From 8c (20.4 g, 45.1 mmol) was obtained 12.7 g (82%) fefrocene-1,1'-diyl-
nebis(methylphosphinic acid§}b) as microcrystalline brown solid, m.p. 174 °C (subH-
NMR (DMSO-d): § 1.46 (d, e 15.15 Hz, 6H, Me), 4.55 (d}4n 1.58 Hz, 4H, Cp), 4.58 (d,
334n 1.66 Hz, 4H, Cp)**P{*H}-NMR (DMSO-d®): 5 41.2 (s);*C{*H}-NMR (DMSO-d®): § 17.7
(d, JJcp 106.4 Hz, Me), 72.7 (fJep 6.9 Hz, C3;), 72.6 (d,%Jcp 33.4 Hz, C2,), 75.6 (d,"Jep
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138.3 Hz, C&p); IR (KBr): 3099 vw ¢, CH); 2984 vw, 2916 vw, 2852 vww{CH); 2575 vw
(v(P)O-H); 2232 vw, 2172 vw, 2045 vwy@H); 1790 (sh), 1716 (sh), 1623%K)OH); 1472 s;
1424 s (CPpvCC); 1390 m, 1370 m, 1312 sh (GiCC); 1297 s (Me); 1192 $RPOH,vP=0, Cf
breatl); 1162 sh; 1060 sh; 1034 s (CRCCH); 976 vs {P-O(H)); 905 s (Me); 879 s (€p
SCCC,vP-O(H)); 853 s, 828 s (EpCH, yOH); 759 s; 637 mwdCp® in-plane). Analysis (%).
Calc. for GoHigFeQP, (342.05): C 70.2, H 4.7. Found: C 70.1, H 4.8.

19. From 8d (20.7 g, 43 mmol) was obtained 13.8 g (86%) fefrocene-1,1'-diyl-
bis(ethylphosphinic acidgpc) as a microcrystalline brown solid, m.p. 154 °@dgd.*H-NMR
(CDCls): & 1.05 (dt,*Jup 19.4 Hz 234 7.7 Hz, 3H, CH), 1.74 (dq 3ue 15.6 Hz, 23 7.8 Hz, 2H,
CH,), 4.56 (d,%}n 1.4 Hz, 2H, Cp), 4.60 (Jn 1.4 Hz, 2H, Cp), 11.89 (s, 2H, P-OH);
31p{*H}-NMR (CDCls):  47.6 (s)*C{*H}-NMR (CDCl5): & 5.8 (d,%Jep 4.4 Hz, CH), 23.4 (d,
Jcp 108.2 Hz, Et), 72.3 (d)cp 11.0 Hz, C3y), 72.6 (d,*Jcp 13.6 Hz, C2,), 74.7 (d,"Jcp 132.4
Hz, Clyp).; IR (KBr): 3093 m {,CH); 2974 m, 2937 m, 2908 m, 2882 myCH); 2707 w
(v(P)O-H); 1704 (sh)§(P)OH); 1458 m&,CHs); 1426 m ¢{CC); 1408 m §CHs); 1392 m, 1372
m, 1318 w ¢{CC); 1275 s &JPOH)). 1225 m ¢CH,); 1187 vs ¢a{P=0)). 1159 vs {s(P=0),
8(POH)); 1042 s ¥CC, pCHs); 1032 (sh) §CCH); 1000 w {CH,); 951 s ¢{P-O(H)); 895 m
(8CCC,vP-O(H)); 852 m{CH, yOH); 826 (sh) ; 751 CH,); 726 s {PEt,5PEt,50PO); 637
vw (6Cp in-plane); Analysis (%).Calc. for,gH,0FeQ,P, (370.09): C 56.6, H 4.3. Found: C 56.3,
H4.1.

20. From6b (22.4 g, 38.8 mmol) was obtained 17.0 g (94%)fafrocene-1,1'-diyl-bis
(phenylphopshinic acidj2d) as a microcrystalline brown solid, m.p. 208 °@dd. *H-NMR
(DMSO-cP): § 4.60 (m, 4H, Cp), 4.67 (m, 4H, Cp), 7.47 (48 7.38 Hz, 23y 7.02 Hz, 4H, m-
Ph), 7.51 (d334 7.02 Hz, 2H, p-Ph), 7.69 (dtflp 12.21 Hz 334y 7.38 Hz, 4H, o-Phy'P{*H}-
NMR (DMSO-d): & 28.8 (s):**C{*H}-NMR (DMSO-d°): 5 73.1 (d,*Jcp 11.4 Hz, C3), 73.4 (d,
2Jep 14.7 Hz, C2), 74.8 (dJcp 144.5 Hz, C1), 128.8 (4Jcp 12.8 Hz, p-Gy), 130.7 (d3Jep 10.2
Hz, m-Go), 131.9 (s, 0-6&), 137.8 (d,*Jcp 147.4 Hz, ipso-G); IR (KBr): 3083 w, 3057 vw
(vaCH); 2622 vw (v(P)O-H); 1704 (sh)§(P)OH); 1595 m (Phvsy); 1485w (PA vigy); 1436 s
(PH' vigr); 1422 (sh) ¢CC); 1388 w ¢CC); 1365 w ; 1310 vw ; 1188 $ROH, vP=0, Cp
breath)1179 sh (Phvey); 1127 s (Phvis); 1067 s (Phvagy); 1037 s §CCH); 1000 s (Phviy);
961 vs ¢P-O(H)); 894 m&§CCC,vP-O(H)); 844 m{CH, yOH); 828 (sh) ; 751 m (Bhv); 717 s
(PH' v11); 693 s (PAivs); 640 m 6Cp in-plane); Analysis (%).Calc. for,@,0FeQP»(466.18): C
56.6, H 4.3. Found: C 56.3, H 4.0.

Supporting Information ORTEP view ofla, 1c, 1d, 2d, scaling factors for the force fields,
potential of oxidation and re-reduction peaks ofdeenylphosphinic acid4d,2). CCDC 904130
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(1a), 904133 {b), 904135 1{c), 904129 1d), 904132 2b), 904131 2c) and 9041343d) contain
the supplementary crystallographic data for thisgpaThese data can be obtained free of charge
from Cambridge Crystallographic Data Centre via weasic.cam.ac.uk/data_request/cif
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> We synthesized ferrocenylphosphinic acids asitigdor coordination polymers

> Spontaneous racemization takes place for monttubsd ferrocenylphosphinic acids

> Difference of hydrogen bonding was observed éordcen-1,1’-diyl-bisphosphinic acids
> Conformation of ferrocenephosphinic acids depemdubstituent’s at phosphorus atoms
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Table 1S. Scaling factors for the force fields

scaling factor Value
stretch cC 0.9207
stretch CH (arom.) 0.91%
stretch CH (aliph.) 0.88%
stretch FeC 1.25
bend CcccC 1.0144
bend CCH 0.958
bend HCH 0.9014
torsion all 0.9524

& Baker, J.; Jarzecki, A.; Pulay, P Phys. Chem. A 1998, 102, 1412.

Pl Katsyuba, S. A.; Grunenberg, J.; Schmutzlex]. Rlol. Sruct. 2001, 559, 315.



Figure S1. An ORTEP view of ferrocenyl(H-phosphiniacid) (@a) (left) and

ferrocenyl(ethyl)phosphinic acidg) (right). Ellipsoids probability 50%.

Figure S2. An ORTEP view of ferrocenyl(phenylphasph acid) @d) (left) and 1,1'-

ferrocenebis(phenylphosphinic aci@fl (right). Ellipsoids probability 50%.



Electrochemistry.

Cyclic voltammograms were recorded using poterdid3t-50-1 interfaced to XY-recorder H 307/2 at
potential scan rate t = 100 ns% in MeOH / 0.1M BwNBF, media at 295 K. A glassy carbon working
electrode (0 = 3.4 mm) embedded in Teflon and Ptewas counter electrode were used in
electrochemical cell. Before each measurement uhface of the working electrode was mechanically
polished. The potentials were measured toward fopontial of F&* redox-system (internal standard)
using a saturated calomel electrode (SCE) as aerefe electrode. The diffusion nature of the peaks
currents (§) was proved by the theoretical form of voltammaoggaand by a linear dependence pof i
v*1/2 in the range of 10—200 m¥".

All mono- and disubstituted ferrocenylphosphingida experience a reversible one one-electron
oxidation and re-reduction (Fig. S3, table S2) Emto other phosphorus containing derivatives of
ferrocene [1,2,3]. However the reversibility of dation of (1,2) is not sensitive on the to theistbulk
of the substituents on the phosphorus atom in ashto [1]. The potentials of acid peaks (1,2) are
shifted in positive field relative to the corresgaorg potentials of ferrocene. Mono-substituted sa¢ih-

d) are easier oxidized in comparison with di-subtd (2a-d) species, which confirms electron-
withdrawing character of phosphinic substituentes. disubstitituted acids the difference between th
oxidation and re-reduction potentials, gz - Ey rerea= 80-130 mV) is higher than for monosubstituted

species.

1 C.L. Mandell, S.S. Kleinbach, W.G. Dougherty, Wk&ssel, C.Nataro Inorg.Chem. 49 (2010) 9718-9727.
2P, Kibler, J. Sundermeyer Dalton Trans. 43(201&033766.
2 0. Oms, J. Le Bideau, A. Vioux, D. Leclercq, Jg&momet. Chem. 690 (2005) 363-370.



Table S2. Potential (V, vs. Fc0/+) of oxidation aeereduction peaks of ferrocenylphosphinic acids

1,2).
Acid Potential
Alkaline medium Neutral medium Acidic medium
la Ep,ox 0.11 0.12,0.24 0.27
Ep rered 0.05 0.07,0.18 0.20
1b Ep,ox 0.11 0.12,0.26 0.26
Ep rered 0.04 0.08, 0.18 0.19
1c Ep,ox 0.12 0.10, 0.20 0.24
Ep rered 0.02 0.04, 0.13 0.18
1d Ep,ox 0.06 0.07,0.21 0.24
Ep rered -0.01 0.02,0.14 0.17
2a Ep,ox 0.20 0.41 0.50
Ep rered 0.12 0.30 0.40
2b | Epox 0.18 0.37 0.45
Ep rered 0.08 0.25 0.36
2c Ep,ox 0.19 0.39 0.47
Ep rered 0.02 0.26 0.39
2d Ep,ox 0.09 0.34 0.43
Ep rered 0.01 0.26 0.37

Conditions: solvent MeOH, supporting electrolyt& BI BuNBF,, scan rate = 100 mV/s. Concentration af,2) C = 10° M. Acidic medium was obtained
by addition of equal volume of 0.1 M solution H@lkaline conditions was made by addition of twadfablume of 16 M solution of BUNOH.
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Figure S3. CV of mono-a} and disubstituted (b) ferrocenylphosphinic a¢idsand2b respectively) C
= 10° M) in MeOH/0.1M BwNBF, (solid line), after addition of BNOH (C = 2Z10° M for 1b,C =
8010° M for 2b) (dotted line) and by following addition &fC| (C = 10" M for 1b, C = 210" M for 2b)

(line with circles).



