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Abstract 

Complexes of diphosphaferrocenes have been 
prepared using (a) Lewis acids BFs*EtzO, AlCla and 
(b) Cu(1) and Ag(I) salts. The 31P spectra showed that 
BF,*Et,O complexes at phosphorus (characterised by 
a large downfield shift of 103 ppm) whereas all the 
other adducts involved binding at iron (characterised 
by large upfield shifts of 36-94 ppm). Deep purple 
adducts were isolated and characterised for the reac- 
tion of 2,2’,5,5’-tetraphenyldiphosphaferrocene with 
silver trifluoroacetate and triflate and also with 
copper(I) iodide. Similar complexes were isolated 
from 3,3’,4,4’-tetramethyldiphosphaferrocene. “Fe 
Mossbauer spectroscopy of the adducts showed that 
unlike the ferrocene system, quadrupole splittings 
generally decreased on iron complexation. The results 
are discussed in terms of current MO theory of 
ferrocene and diphosphaferrocene. 

Introduction 

$-Cyclopentadienyl metal complexes are known 
to form adducts with Lewis acids. Both ferrocene [ 1, 
21 and ruthenocene [l] form complexes with HgClz 
via metal-metal interactions. Stronger Lewis acids, 
such as SnC14, oxidise ferrocene to ferricinium 
species. By contrast, [2]-ferrocenophane forms stable 
adducts [3] of the type {[C2H&H&Fe+]&Cla}- 
[SnClS-12 where two FeSn bonds are present. These 
complexes show very large quadruple splittings (QS = 
3.49 mm s-‘) which result from bonding of the tin 
moiety vra eZg iron based orbitals. Ferrocene and 
ruthenocene are also weak Bronsted bases and can be 
metal-protonated in strong acid [4]. The protonated 
ferrocene derivatives also show high QS values. 

Heterocyclic ferrocene analogues such as phospha- 
and azaferrocenes carry lone pairs of electrons on the 
heteroatom which do not contribute to metal-ligand 
bonding and are thus available for complexation with 
other metals. There are, therefore, two Lewis base 
sites in these species. We have recently studied 
protonation of mono- and diphosphaferrocenes in 
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trifluoromethanesulphonic acid (triflic acid) [5] and 
have shown that metal rather than phosphorus 
protonation occurs. The P lone pair in rr bonded 
phosphacyclopentadienyl (PC,) ligands is less reactive 
than those in phosphines [6]. However, some P- 
bonded u complexes are known, mainly with low 
oxidation state metal carbonyls and ruthenium(H) 
chloride 

M. Fe, x=4; M = Cr,Mo,W, x q 5 

Although the P atom in these systems is a poor u 
donor the PC, ring acts as a good rr acceptor inducing 
back bonding from the electron rich M(CO), groups. 

This report deals with complexation of diphospha- 
ferrocenes with some common Lewis acids together 
with Cu(1) and Ag(1) salts. 

Discussion and Results 

Two readily available diphosphaferrocenes were 
chosen for detailed study - the 3,3’,4,4’-tetramethyl 
derivative I [7] and the 2,2’,5,5’-tetraphenyl deriva- 
tive II [7]. In some cases other substituted derivatives 
were used. 
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TABLE I. 31P Chemical Shiftsa (6 in ppm relative to 85% 

HsP04, +ve downfield) for Metal Complexes of 3,3’,4,4’- 

tetramethyl-l,l’-diphosphaferrocene(I) 

Complex ssrp 

I -72.0 
I. Fe(C0)4 t32.4, -63.6 
I*lFe(C0)412 +35 
I.W(CO)4 -47.7, -66.54 
I-[w(co)412 -46.25 
I.Mo(CO)s -23.49, -67.11 

I. [Mo(CO)s] 2 -22.02 

I.Cr(CO)s +11.69, -67.71 

I. tC~(C0)512 t13.57 

I.CI(CO)~MO(CO)~ +13.57 (Cr), -21.95 (MO) 

ICr(C0)sW(C0)s +14.17 (Cr), -46.79 (W) 

I*Mo(CO)sW(CO)s -21.2 (MO), -46.56 (W) 

I*Mna(CO)a t22, -66.95 

I* lMnz(C0)912 +29 
I*RuC12 +12.29, -72.81 
[PPh3RuC1z12 +55.76 (PPh3) + 17.73 (Ru) 

aData from refs. 6 and 8. 

31P NMR enables the site of complexation to be 
assigned unambiguously. Table I lists the 31P shifts of 
a number of known complexes of I. In all cases 
marked downfield shifts occur typical of phosphorus 
complexation. In contrast protonation of iron causes 
large upfield shifts of 60-70 ppm for diphospha- 
ferrocenes and 140-180 ppm for monophospha- 
ferrocenes. In addition in some instances metal- 
phosphorus coupling is observed (‘J,_+ = 257 Hz in 
1. [W(CO)s) [8]. The upfield shifts in iron protonated 
phosphaferrocenes [5] is thought to be due to 
increased PC, ring puckering about the C&C, axis. 
The PC, ligands in I are not planar, the P atoms being 

TABLE Il. “P NMR Data for Compexes Described in this Work 
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bent away from the iron atom. Metal protonation will 
undoubtedly cause considerable ring tilt and 
increased puckering as depicted below. 

H-Fe’ 

Lewis Acid Adducts 
Diphosphaferrocenes readily formed adducts with 

Lewis acids. However, their structure varied with the 
strength of the Lewis acid. Table II lists the 31P NMR 
of these derivatives. 

I, when treated with BFa*OEt,* in CDC13, gave a 
deep purple solution whose intensity increased with 
time. The rate of formation of the adduct could be 
followed using 31P NMR. The spectrum of the adduct 
comprised two signals, one (-62.2 ppm) slightly 
downfield from free I(-72 ppm) [8] and the other 
considerably downfield at t 31 .O ppm, the latter 
being very close to the value observed for I - 
Fe(C0)4 [9]. The high field phosphorus signal 
appeared as a triplet with a 2Jprr value of 36 Hz 
typical of the phosphaferrocene systems. The low 
field signal (+ 3 1 .O ppm) was a broad singlet probably 
caused by unresolved P-B coupling. I therefore 
appears to react with BF, to form a phosphorus 
bonded adduct. Even in the presence of excess BF3* 
OEt, only the mono adduct was formed which 
suggests that complexation of one P site deactivates 
the other. The reaction of BF,.OEt, with V, gave a 
deep red complex which also showed low field 31P 

*Complex formation was very slow using aged BFsOEtz 
samples. 

Compound Solvent Reactant 6srP” A6b 

I CDC13 BF30Et2 +31.0c, -62.6 + 103, + 9.8 
V CDC13 BF30Et2 + 22.10 + 104.7 

II cDc13 AIC13 -137.4 -76.4 

II DMF CF,COaAg -133.3 -72.3 

I CH3CN CF3S03Ag - 140.Sd -68.8 
II CH3CN CF3S03Ag - 146.3 -85.3 

III CH3CN CF3S03Ag -145.1, -148.9 -91.1, -90.0 

IV CHsCN CF3S03Ag -139.2, -155.3 -80.9, -96.5 
I CHsCN CF3S03Age -165.6e 
II CHsCN CF3S03Age -153.2 
I DMF CF3S0sAge -160.5 

I DMF GUI - 144.4 -72.4 

I CH3CN CF3S03Cu -153.501 -81.5 

II CH3CN CF3S03Cu -108.61 -41.6 

aT~ 85% HsP04, +ve downfield. bAfj = 6 uncomplexed - S complexed. 
isolated from benzene. f2JpH = 34 Hz. 

“JpH = 36 Hz. d ‘JpH = 28 Hz. eSolid 
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signals (+22.7 ppm) indicative of P complexation. As 
with I, 2JpH was not observed. I and V in the pres- 
ence of AlCla or SnC14 underwent rapid oxidation, 
whereas II did not react with either BFs0Et2 or 
SnC14 in CHC13, presumably due to a reduction in u 
bonding capacity of the phosphorus by the adjacent 
phenyl groups and increased steric hindrance to com- 
plexation. The electron withdrawing phenyl sub- 
stituents also inhibit oxidation. The stronger Lewis 
acid AlCls dissolved in solutions of II in MeNO and 
MeCNt to form deep purple solutions whose “P 
NMR spectrum showed a broad singlet 76.4 ppm 
upfield from II itself. This is similar to the change in 
shift for II in CF3S03H (75.8 ppm) where iron pro- 
tonation occurs [5]. Thus in contrast to BF3*OEt2, 
AXI3 forms an iron bound species. II could be recov- 
ered unchanged by the addition of aqueous Na2C03 
provided exposure to AlC13 was limited, otherwise 
extensive decomposition occurred over 4-5 h. 

Silver(I) Complexes 
Ag salts normally oxidise ferrocenes and this was 

found for the reaction of I with CFsC02Ag though 
no well defined phosphaferricinium derivative could 
be isolated. This confirms the instability of such 
species as shown by cyclic voltammetry [IO]. On the 
other hand II reacted with CF3C02Ag to give a stable 
purple 1: 1 adduct which was insoluble in most 
organic solvents. (II*CF3C02Ag) was sparingly soluble 
in DMF or DMSO but solutions were not very stable. 
“P NMR spectra of freshly made saturated DMF solu- 
tion showed a broad singlet 72.3 ppm upfield from free 
II which is a very similar shift to that of the AlC13 
adduct suggesting the presence of an Fe-Ag bond. 
Much more stable solutions of adducts could be 
prepared using silver triflate (CF3S03Ag). In addition 
the solubility of the adduct was greatly increased. 
The purple solution of adducts of I-IV were stable 
for several hours in dry MeCN, but the addition of 
water led to rapid oxidation. The 31P NMR results 
for I -+ IV (Table II) parallel those obtained for 
CF3C02Ag and the upfield shifts being even more 
marked. These results remove the possibility that, for 
II, AlC13 complexation occurred on the phenyl rings. 
The uptield shifts (A?i) of the Ag+ adducts are greater 
than those of the iron protonated analogues [5] and 
are probably due to the larger size of the Ag+ ion 
which causes more distortion of the PC, ring on 
binding to the iron. The actual magnitudes of Ahs do 
not follow the expected trend. I has the most basic 
Fe atom but shows the smallest upfield shift when 
complexed. It is likely that as for the iron-protonated 
species, the Ag+ enters the structure in a direction 
remote from the P atoms. This would result in steric 
hindrance from the four 0 methyl groups. II-IV 

having fewer 0 substituents thus interact more 
strongly with Ag+. Both III and IV occurs as interact- 
able mixtures of structural isomer. 

The 31P NMR spectra of the Ag complexes under 
broad band decoupling showed two high field signals 
of approximately equal intensity indicating that both 
isomers formed adducts. In all the complexes hitherto 
described, no P-Ag coupling was detected which 
eliminates P-Ag bonding (typical ‘Js$__107~~ = 200- 
700 Hz). Although the isolation of solid adducts 
from MeCN solution proved difficult we were able 
to obtain a 1: 1 adduct for both I and II from 
CF3S03Ag in benzene. The somewhat different “P 
shifts suggest a slightly different structure in MeCN 
probably due to complexation by the solvent which 
has a strong affinity for Ag+. The Fe-Ag interaction 
is, however, still present. 

Copper(I) Complexes 
Both I and II formed 1 :l adducts with CuI in 

MeCN, though the latter was formed very slowly. 
Both adducts were insoluble in most solvents but 
[I*CuI] dissolved sparingly in DMF to give a solu- 
tion with 31P shifts comparable to those of the Ag 
adduct thus implying Fe-Cu bonding. [iI*CuI] was 
completely insoluble. However, s7Fe Mossbauer 
spectra indicated a similar structure (vide infra). As 
for the silver analogues, copper(I) triflate* gave better 
results with similar large upfield 31P shifts and no 
evidence of P-Cu coupling (usually 11 OO- 1500 Hz). 
The Cu triflate complexes proved impossible to 
isolate from solution. 

57Fe Miissbauer Spectra 
The formation of metal-metal bonds in ferrocene 

systems is characterised by large increases in quadru- 
pole splitting (QS). Both the HgC12 and SnC14 
adducts of [2]-ferrocenophane show increases in QS 
of 0.6 and 0.9 mm s-l [3] respectively relative to 
ferrocene. These increments have been attributed to 
redistribution of the electrons in the iron-based 
HOMO (e2.J necessary for metal-metal bond forma- 
tion. Diphosphaferrocenes (DPF) show reduced QS 
values relative to ferrocene [ 1 l] due to electron with- 
drawal by the PCp ligands and substituent effects 
are similar to those in ferrocene. Metal proto- 
nated diphosphaferrocenes usually show exalted 
QS values. The Mijssbauer data for the adducts 

tll is insoluble in MeN02, and MeCN but addition of 

AlC13 rapidly causes dissolution. 

*CF$O&u is isolated as [CF~SO~CU]$~H~ but in MeCN 
it probably exists as [Cu(MeCN)d ]*CF3SO3-. 
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TABLE III. 57Fe Mossbauer Parameters (Isomer Shifts, IS 
quadrupole Splitting QS both in mm s-r at 80 K) for Diphos- 
phaferrocene Complexes 

Compound Phasea IS Qs AQSb 

I 
I.AgOS02CFs 
I.AgOSOaCF, 

I*CuI 

I.BFs 

S 
S 

FSS 

S 

FSS 

II S 

II.AgOSOaCFs S 

II*AgOS02CF, FSS 

II*AgOCOCFs S 

II.AICls FSS 

II*CuI S 

III 

IV 

IV.AgOSOaCFs 

S 

S 

FSS 

0.48(l) 

0.50(l) 
0.53(l) 

0.51(l) 

0.48(l) 

0.54(l) 

0.54(l) 

0.53(l) 

0.55(l) 

056(l) 

0.53(l) 

0.51(l) 

0.50(l) 

0.53(l) 

1.87(l) 

1.79(l) 

1.74(l) 

1.61(2) 

1.89(l) 

1.54(2) 

1.62(l) 

1.54(2) 

1.53(l) 
1.50(2) 

1.33(l) 

1.79(l) 

1.82(l) 

1.77(l) 

-0.08 

-0.13 

-0.26 

+0.02 

+0.08 

0.00 

+0.01 

- 0.04 

-0.21 

-0.05 

aS = solid, FSS = complex prepared in solution as for 31P 

NMR spectroscopy and quench cooled to 80 K using CH3CN 

as solvent except for BFs where CHCls was used. bAQS = 

QS (complex) - QS (parent). 

described above appear in Table III. It is apparent 
that for the silver and aluminium to iron bonds that 
unlike ferrocene the QS values are relatively less 
affected by this metal-metal bonding, whereas for 
the copper-iron bonds the QS values are lowered by 
around 0.2 mm s-’ than that of the parent DPF. 
These effects are probably due to the decreased 
basicity of the iron atom in the DPF system leading 
to relatively weaker interactions. In addition, the 
degree of ring tilt is difficult to assess and its 
contribution to QS values problematical. Small ring 
tilt angles (- 10”) appear to cause small reductions in 
QS [12] but larger values (23”) actually result in 
enhanced QS [ 131. 

For II, protonation results in an increase in QS of 
0.23 mm s-l. For the metal adducts described above, 
QS values fall as the Lewis acidity drops (viz. AQS 
for Cu(I) complexes are w-0.2 mm s-l). 

This different behaviour of the phosphaferrocenes 
relative to ferrocene is perhaps not surprising since 
the ordering of molecular orbitals is different for the 
two systems. Both ferrocene [ 14, 1.51, phospha- 
ferrocenes [16, 171 have been the subject of detailed 
MO calculations. From these studies major dif- 
ferences are found for ferrocene (FcH) [ 151 and DPF 
[ 161. Although both systems have high-lying metal 
based orbitals alg (-10.75, -8.76 eV) and e2s 
(-11.22, -10.01 eV for FcH and DPF respectively) 
the ligand-based erg orbitals are very different. For 
FcH, the elg at -10.94 eV has 23.5% metal (d,,, dyZ) 
characters and 74.7% (58.5% 77, 16.2% a) ligand 

character [ 151. The corresponding orbital for DPF at 
-11.88 eV has only 5% metal orbital (d,,, dX2_,.2) 
contribution with 93% ligand character (66% or, and 
27% nn). It therefore represents a rather different 
type of bonding (mainly Fe-P interactions) and 
hence will only weakly transmit to the iron atom 
electron density changes arising from PC, ring sub- 
stitution. Most of the ligand-metal bonding arises 
from low-lying e, orbitals at -14.45 eV (18% d,,, 
d,,; 49% q.,, 6% rrn) and -14.57 eV (20% d,,, d,,; 
40% rr, 30% rrn). These orbitals are unlikely to be 
involved in ring substitution processes since they are 
far from being frontier orbitals. It is generally con- 
sidered that the ezg orbitals are used in forming 
metal-metal bonds. These orbitals have a somewhat 
different composition in FcH and DPF, the former 
having a higher Fe orbital content. In addition ezg for 
DPF appears to be of significantly higher energy than 
that of FcH which suggests that DPF should react 
more easily with Lewis acids. 

By the same token, DPF should also be oxidised 
more readily if electron transfer occurs from Fe-based 
orbitals. This, however, is not found experimentally. 
Unfortunately at present there is no general agree- 
ment [16, 171 as to the ordering of energy levels in 
phosphaferrocenes which makes structure/reactivity 
correlations uncertain. What is beyond dispute is that 
the phosphorus lone pairs orbitals are low lying which 
explains why strong electrophiles such as metal ions 
and Lewis acids coordinate preferentially at iron. 
Coordination to phosphorus should induce back- 
bonding and is the chosen site for zero oxidation 
state metal carbonyls. BF3 cannot act as a II donor 
and thus coordinates to P rather than Fe. The 
Ag(I) adducts of diphosphaferrocenes are reasonably 
stable though stability is dependent on the counter 
ion and solvent. By contrast ferrocene always oxidises 
immediately when treated with CF3S03Ag or 
CF3C02Ag. The enhanced stability of the diphospha- 
ferrocene silver adduct is undoubtedly due to the 
higher oxidation potentials found in the diphospha- 
ferrocene system. 

A final point of interest is the structure adopted 
by the diphosphaferrocene metal bonded adduct. For 
all cases the electrophile is probably located tram to 

the phosphorus atoms. The large radius of the phos- 
phorus atom compared to a CH unit makes the metal 
orbitals less accessible, hence bonding occurs on the 
side of the molecule remote from the phosphorus 
atoms. 

Experimental 

Phosphaferrocenes were produced by literature 
methods as was (CF3S03C~)ZC6H6. Other reagents 
were made by standard procedures or supplied com- 
mercially. 
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All preparations were carried out under dry Ar 
using anhydrous solvents dried by standard methods. 
In situ complexation reactions were also carried out 
using anhydrous solvents. Phosphaferrocene/metal 
ion reactions were carried out m subdued light and 
isolated products stored in the dark. 

‘H NMR spectra were obtained on a Varian 
EM360 reference external TMS. 31P NMR spectra 
were run on a Bruker WP80 spectrometer (probe 
temperature 30 “C). The reference was 85% H3P04. 
For non deuterated solvents an external DzO lock 
was used. Chemical shifts were measured in ppm with 
a t 6 indicating downfield shifts. Elemental analysis 
was performed by the Analytical Department, Umver- 
sity of Manchester. Analytical data refers to products 
initially ‘isolated’. Further attempts to purify the 
products via recrystallisatlon were unsuccessful. 

2,2’,5,5’-TetraphenyMlphosphaferrocene/sdver 
TkiJlate Complex 

II (0.2 g, 0.38 mmol) was dissolved in dry benzene 
(50 cm3) and filtered. Silver triflate (0.1 g, 0.38 
mmol) was added and the mixture stirred for 0.5 h. 
The flask was left to stand for 1 h, whereupon the 
resulting dark purple precipitate was filtered off, 
washed with dry benzene (- 150 cm3) and dried in 
vacua. Yield 0.21 g (71%). Anal. Found C, 48.5; H, 
3.0; Ag, 13.0. Calc. for C33H24AgF3Fe03P2S: C, 
50.6;H, 3.1;Ag, 13.8%. 

3,3’, 4,4’- TetramethyMlphosphaferrocene/silver 
Triflate Complex 

An identical procedure starting from I(0.2 g, 0.72 
mmol) and silver triflate (0.19 g, 0.72 mmol) gave the 
title compound. Yield 0.31 g (80%). Anal. Found: C, 
30.5; H, 3.4; Ag, 17.7. Calc. for C13H16AgFZFe03PZS: 
C, 29.1; H, 3.0; Ag, 20.2%. 

2,2’,5,5’-Tetraphenyldiphosphaferrocene/sdver 
Trijluoroacetate Complex 

Finely ground II (0.3 g, 0.57 mmol) was sus- 
pended in a dry acetone solution of silver trifluoro- 
acetate (50 ml, 0.13 g, 0.57 mmol) and stirred at 
room temperature for 1 h. The resulting purple solid 
was filtered off and washed with acetone (- 150 
cm”). Yield 0.34 g (80%). Anal. Found. C, 54.6, H, 
3.3; Ag, 13.9; Fe, 7.3. Calc. for C34H24AgF3FeOzPz: 
C, 54.6; H, 4.3; Ag, 14.5; Fe, 7.5%. An identical 
procedure using 4 equivalents of silver trifluoro- 
acetate resulted in rapid decomposition. After 5 min 
the solution was dark green in colour. The solution 

was filtered and the purple solid isolated, washed 
with acetone and dried. Anal. Found C, 60.5; H, 3.8; 
Ag, 8.9%. 

2,2’,5,5’-Tetraphenyldiphosphaferrocene/copper 
Iodide Complex 

Finely ground II (0.2 g, 0.72 mmol) was stirred 
with finely ground copper(I) iodide in dry aceto- 
mtrlle (100 cm3) for 48 h at room temperature. The 
purple product was filtered off and washed with 
acetonitrile (-200 cm3) and dried. Yield 0.23 (45%). 
Anal. Found. C, 49.9; H, 3.3; Cu = 7.4. Calc. for 
C32HZ&uFeIP2. C, 53.6; H, 3.3; Cu, 8.9%. 

3,3’, 4,4’- Tetramethyldlphosphaferrocenelcopper 
Iodide Complex 

A similar procedure with I(0.25 g, 0.9 mmol) and 
copper(I) iodide (0.17 g, 0.9 mmol), reaction time 
2 h gave the title compound as a brick red powder. 
Yield 0.21 g (50%). Anal. Found: C, 3 1 .O; H, 3.4; Cu, 
13.7. Calc. for C12H16P02FeCuI: C, 30.7; H, 3.4; Cu, 
13.6%. 
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