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The cationic iron(H) complexes, [Fe(P(OR)3)sX]‘, 
have been prepared by reactions involving oxidation 
of Fe(P(OR),)s (for X = H, Me, CF,) or addition of 
phosphites to iron bisftetrahydrofuran) dihalide com- 
plexes (for X = Cl, Br, I). This latter reaction 
proceeds, under different conditions, through two 
distinctly different isolable species, both of which 
have the formulation Fe(P(OR),)Jx2. The complexes 
have been characterized by spectroscopic techniques 
including simulation of the 31P{1H} NMR spectra. 

Introduction 

Divalent iron complexes of alkyl and aryl phos- 
phine ligands have been studied in some detail [l] . 
Relatively less attention has been devoted to the 
trialkyl and triaryl phosphite complexes [2]. This 
has been due in part to the susceptibility of the 
ligands to hydrolysis and Arbuzov rearrangement. On 
the other hand their appreciably stronger n-acceptor 
properties and decreased steric requirements [3] 
make their study of considerable interst. In an investi- 
gation of the chemistry of the zerovalent species, 
W(OMe)3)5 P-4 , a number of complexes of the 
type [Fe(P(OMe),),X] [Y] were encountered. A sys- 
tematic study of these divalent species was under- 
taken, including a detailed investigation of their 
31P nmr properties. The results of the study are 
reported here. 

Results and Discussion 

Reaction of Phosphites with Iron Halides 
The preparations of Fe(THF)&& [7], 1, (THF = 

tetrahydrofuran) and Fe(THF)&12 [8] have been 
reported previously. We have prepared Fe(THF),X2 
where X = Br, 2 and I, 3, by Soxhlet extraction of 
the anhydrous ferrous halides with THF. Attempted 
preparation of the dichloro species by the same 
technique gave variable results which were dependent 
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Figure 1. Calculated and observed 31P{k} NMR spectra for 
FWPWW+,C11 Wh41. 

on the source (presumably the purity) of the FeClz 
and the reaction conditions. Analyses varied between 
1.5 and 2 molecules of THF per metal but the 
composition of the solvated dichloride seemed to 
have no effect upon subsequent reactions. All three 
solvated dihalides were similar in appearance to the 
diaquo complex Fe(Hz0)2C12. 

The reaction of Fe(THF)*X* species with alkyl 
phosphites, P, proceeds through a complicated series 
of equilibria, la-le. The four- and five-coordinate 
species are paramagnetic while the six-coordinate 
species are diamagnetic. Useful information about 
these equilibria can be 

Fe(THF) X -!- 2 2 -FeP& (14 

FeP3X2 e [FeP,X] ‘x- (lb) 
P 

FeP3X2 e FeP4X2 UC) 

FeP4X2 & [FeP5X]X (14 

[FeP,X] X & [FeP6]X2 W 
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TABLE I. 31P{1H}NMR Data for Selected Iron Phosphite Complexesc 

SA (ppm) SB4 (ppm) JAB Hz 

[Fe(P(OMe)3)~Hl’ 166.4 169.7 82.5 

[WP(OMe)s)sMel+ 167.9 168.9 79.5 
[Fe(P(OMe)3)sCHsCN]2+ 156.4 149.4 130 

[Fe(P(OMe)s)sCll’ 163.4 149.3 126 

IWWMe)s)sBrl+ 165.2 151.2 124 
[Fe(P(OMe)&Jl+ 174.0 154.5 124 

[FeWXfe) 3hj12+ 150.8 _ - 

[Fe(P(OEt)s)sHJ+ 161.8 164.4 93 

lWPWt)s)sCIl+ 159.6 145.0 125 

[Fe(P(OEt)$sBr]+ 161.0 146.0 124 

[Fe(P(OEt)s)sU’ 170.0 151.0 123 
Trans-Fe(P(OMe)&Cla 157.3 _ - 

Trans-Fe(P(OMe)3)4Brz 157.8 _ _ 

Cis-FeP(OEt)&Hz 183.1a 185.3 56 
Fe(P(OMe)s)s 1 87.8b 176.4 145 

Fe(P)(OEt)s)s 1 80.9b 171.1 144.5 

aAaBa spin system, recorded in tolueneds. bA2Bs spin systems, recorded in pentane. ‘Recorded in CHaC12. 

obtained by 31P NMR. For example, the reaction of 
1 with P(OMe), in methylene chloride yields the 
characteristic spectrum (AB4 spin system) (see Table 
I and Figure 1) of [Fe(P(OMe)3)5Cl]+, 4, even at 
low concentrations of phosphite (Fe:P = 1: l-3). 
No other diamagnetic species are observed at room + 

4 

temperature, but if the temperature is lowered to 
-80 “C, an additional single line appears at 157.3 
ppm. This species, thought to be trans-Fe(P(OMe)3)4- 
C12, 5, is presumably in fast exchange with a para- 
magnetic species at room temperature according to 
equation (lc) and is therefore unobserved. At higher 
concentrations of phosphite (Fe:P = 1:5-10) the 
spectrum is unchanged at room temperature, but at 
low temperature the singlet at 157.3 ppm is reduced 
in relative intensity and free phosphite begins to 
appear at 140 ppm. In the presence of a large excess 
of phosphite, at room temperature a very broad reso- 
nance appears below 140 ppm, shifting towards 140 
ppm and sharpening as the excess is increased. This is 
again consistent with the rapid exchange process 
given by equation lc. Similar results are obtained 

with other phosphite ligands and halides. The spectro- 
scopic parameters are listed in Table I. 

Attempted isolation of products from the FeCls/ 
P(OMe)s/THF system points out some of the other 
equilibria listed in equations (la-le). At low con- 
centrations of phosphite [Fe:P(OMe), = 1:3] it is 
possible to isolate Fe(THF)2C12 from solution accord- 
ing to the reverse of equation la. When phosphite is 
used in large excess, the only products isolated are of 
the formula Fe(P(OMe)3)3C12. Two distinct forms of 
the yellow crystalline solid could be obtained (equa- 
tion (lb)), but the variables which determined which 
form would be prepared in any given reaction were 
not ascertained. At times the FeP3X2 would remain in 
solution in THF, and addition of ether precipitated a 
highly crystalline material having a relatively low 
melting point. On other occasions, the FeP3X2 would 
precipitate spontaneously as a powder which would 
not melt up to 300 “C. These two species were indis- 
tinguishable in solution, displaying the behavior des- 
cribed above for Fe:P = 1:3. No definitive informa- 
tion on their structures was obtained. The low-melt- 
ing form is presumably the five-coordinate molecular 
species. The less soluble non-melting form could be 
an ionic species, [Fe(P(OMe),),Cl] [Cl], or a chlo- 
rine-bridged oligomer. The latter possibility is deemed 
to be unlikely because there was no evidence for 
bridging in solution; bridging would yield six coordi- 
nation and the complexes should be diamagnetic. 

Attempts to isolate [Fe(P(OMe),)sCI] [Cl] from 
the FeC12/P(OMe),/THF system were unsuccessful 
even though it was apparent from 31P(1H} NMR 
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TABLE II. Melting Points and Analyses for Selected Iron Complexes. 
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Complex M.P. CC, Analyses 

Carbon 

talc. Obs. 

Hydrogen Phosphorus 

talc. Obs. talc. Obs. 

Fe(THF)$& >300 35.5 35-25 5.9 6-5 26.2 26-30 (Cl) 

Fe(THF)?Br2 >300 26.7 26.5 4.5 4.5 44.4 44.8 (Br) 

Fe(THF)z 12 1300 21.2 21.3 3.5 3.8 55.9 54.9 (I) 

Fe(P(OMe)d3C12 >300 21.7 21.4 5.5 5.4 18.6 18.9 

Fe(P(OMeM3Ch 150 21.7 21.2 5.5 5.4 18.6 19.9 

FeU’(OMeM3Br2 >300 19.3 18.9 4.9 4.8 16.6 16.7 

FcWOMe)&Br2 175 19.3 19.3 4.9 4.9 16.6 16.4 

Fe(P(OEt)&C12 >300 34.6 34.2 7.3 7.3 14.9 14.1 

Fe(P(0Et)3)3Cl~ 79 34.6 34.2 7.3 7.0 14.9 13.8 

WP(OEtM3Br2 >300 30.3 30.3 6.4 6.3 13.0 13.5 

Fe(P(OEt)&Br2 92 30.3 30.6 6.4 6.7 13.0 12.8 

Fe(P(OMe)2Ph)#& 91 45.2 44.8 5.2 4.8 14.6 14.8 

Fe(P(OCH2)3CEt)3C12 104 35.3 35.6 5.4 5.7 15.5 15.6 

Fe(P(OCH2)3CEt)3Br2 135 30.8 30.5 4.7 4.8 13.2 13.4 

lFe(P(OMe)s)sCll lBPh41 130 45.4 45.3 6.4 6.1 15.0 14.6 

lFe(P(OMe)a)sBrl lBPh41 182 43.6 43.9 6.1 5.8 14.4 14.6 

[FeWOMe)3)511 lBPh41 174 41.7 41.4 5.8 5.8 13.7 13.2 

WO(OMeMdl Wxl 255 21.9 21.4 5.6 5.5 22.6 22.4 

FeWOMeM~Mel lBPh41 143 47.6 47.3 6.8 6.7 15.3 16.2 

lFe(P(OMe)s)&H3CNl lSbBe.12 Dec. 17.2 17.3 4.0 4.0 13.0 13.7 

Fe(P(OEtMdIl lBPh41 101 52.2 51.9 7.7 7.5 12.5 12.4 

lFe(P(OBt)s)sBrl lBPh41 102 50.5 50.2 7.5 7.3 12.1 12.0 

lFe(P(OBt)s)sIl lBPh4 1 124 48.7 48.7 7.2 7.0 11.6 11.7 

lBe(P(OBt)s)sHl lBF41 244 37.0 36.5 7.8 7.3 15.9 15.9 

[Fe(P(OMd&i 1 Pm4 12 280 55.1 54.2 6.6 6.5 12.9 13.8 

experiments that it exists in very appreciable concen- 
trations in solution. This difficulty was overcome by 
running the reaction in methanol instead of THF. 
Addition of tetraphenylborate, BPhT, to the metha- 
nolic solution of Feel2 and P(OMe)3 precipitated the 
highly crystalline yellow product [Fe(P(OMe),),Cl] 
[BPh,] . Once the cationic product has been isolated 
it is stable to redissolution in THF or other solvents; 
there is no dissociation of phosphite ligand in the 
absence of a second halide to fill the vacant coordi- 
nation site. 

Under somewhat more extreme conditions, it is 
possible to replace the second chloride ion by 
phosphite yielding the species, [Fe(P(OMe)3)6]++. 
This is best accomplished by forcing equation (le) 
to the right by precipitation of the dication with a 
similar sized dianion. 

Similar reactions can be carried out using other 
phosphites or halides. The spectral parameters are 
listed in Table I, and the physical properties are 
listed in Table II. 

Preparation and Reactions of Fe(P(OR)3)5 Com- 
plexes 

The FeP,X, complexes can be reduced with 
sodium amalgam in the presence of excess phosphite 
(presumably in the form of [FeP5X] [Xl) to give the 
zerovalent t’ive coordinate species FePs (P = P(OMe), 
[4-6, 9, lo] and P(OEt),) [4-6]). The reaction is 
best accomplished with X = Br [lo], but satisfactory 
results are also obtained with X = Cl and I. The 
fluxional nature of this five coordinate species has 
been detailed elsewhere [4, 51. We have found these 
zerovalent species to be exceptionally electron rich, 
an aspect displayed throughout their chemistry. 

When Fe(P(OMe),), is dissolved in methanol, it 
exists to a slight degree in the protonated form 
W(P(OMeMJl+, according to equation (2). 

Fe(P(OMe)3)5 t MeOH e 

[Fe(P(OMe),),H]’ t tOMe]- (2) 
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This reaction implies a pK* of -19 for the proto- 
nated form. This should be compared with Ni(P- 
(OMe)& which requires the relatively strong acid 
system, HzS04 in methanol, to carry out the protona- 
tion. The hydride can be isolated by use of a stronger 
acid such as NHf and a suitable counterion such as 
BFI or BPhT. The protonation has even been carried 
out using a Pdiketone [ 121. 

Reaction of Fe(P(OMe),), with methyl iodide or 
[Me,01 [BF,] gives the cation [Fe(P(OMe),)sMe]‘. 
The methyl resonance is observed as a quintet above 
TMS due to coupling with the four equatorial phos- 
phites. The coupling to the tram axial phosphite is 
small. 

Mixing of FeP(OMe)a)s with CFsI led to an 
unexpectedly rapid reaction, precipitating yellow- 
green solids from ether. A methanol solution of the 
precipitated material displayed two weak 19F reso- 
nances having phosphorus coupling attributable to 

(MeO),P, TG(OMe)s 
r 

iFe\ 
(MeO)sP P(OMe), I T 

(-11.6 ppm, quintet, JpF = 52.5 Hz) and + 
(-80.8 ppm, doublet of quintets, Jpv = 79.5 and 52.5 
Hz). The 31P NMR spectrum showed that the major 
product was [Fe(P(OMe)s)sI]’ with a few minor 
impurities. The yield of the iodo complex increased 
as the quantity of CFaI was increased from one to 
two equivalents. Thus reaction with CF31 is not a 
suitable route to the CF, complex. 

A similar rapid reaction was observed with excess 
CFCla, giving [Fe(P(OMe)&Cl]+ in good yield. The 
volatile components of this reaction were analyzed by 
G.C./M.S. and found to be CH,Cl, FClC=CFCI, 
CFClzCHs, CHFClz and P(OMe)2F in addition to the 
solvent, CFCls, and free phosphite. These products 
are consistent with rapid electron transfer from the 
zerovalent iron complex to CFCla to yield ultimately 
CFCl, and Cl-. Subsequent dissociation of Cl- from 
the carbanion yields another Cl- and :CFCl which 
can attack phosphite or dimerize to give olefin. It 
is not clear whether the initial reaction involves one- 
or two-electron transfer, but the remarkable dif- 
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Figure 2. Calculated and observed 3’P(1H } NMR spectra for 
[Fe(P(OMe)h HI lPF61. 

ference between the CFaI and CHsI reactions is 
presumably a result of the high electron capture 
cross section of fluorohalocarbons. 

Another indication of the high electron density 
on the metal center in Fe(P(OMe),), is a variety of 
facile one electron oxidations. Silver(I) or tropylium 
salts react with Fe(P(OMe),)s in acetonitrile to give 
[Fe(P(OMe),)s(CH,CN)J2’ through two consecutive 
one electron transfers. Attempts to prepare a non- 
solvated five-coordinate Fe(H) species were unsuc- 
cessful because of disproportionation to [Fe(P- 
(OMe)&12+ and other unknown species. Reaction of 
Fe(P(OMe)a)s with tetracyanoethylene (TCNE) 
yields [ 131 oxidized iron species and the radical 
anion TCNET in reactions similar to those observed in 
the bis(diphenylphosphino)ethane iron system [ 141. 

NMR Characterization of [FeP,X]’ Species 
The 31P{1H} NMR spectra for all of the [FePsX]’ 

species were complex non-first order patterns. 
Simulation of the spectra was essential to their 
identification as arising from AB4 spin systems, and 
to qualitative assessment of compound purity. The 
pattern for any given spectrum is determined by a 
single ratio, J/S. Preliminary assignments of spectral 
parameters were made by comparison with a 
computer generated library of calculated spectra over 
a wide range of J/S. Final parameters were then 
obtained by direct trial and error overlay of observed 
and calculated spectra. Representative spectra are 
presented in Figures I-4 to aid in the identification 
of these products. 

The spectral parameters of the AB4 spin systems 
do not clearly correlate with any conventional 
measure of steric or electronic effects. The coupling 
constants might seem to vary inversely with the 
steric size of the sixth substituent, but acetonitrile 
has a smaller cone angle than any of the halides [3]. 
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Figure 3. Calculated and observed 31P (lH} NMR spectra for 
WUWMW~Mel [BPhl. 

JA-+ is largest for the complexes having a readily 
dissociable sixth ligand so it may well be related to 
the strength of the bond to the sixth ligand. 

Experimental 

All reactions were carried out in the nitrogen 
atmosphere of a Vacuum Atmospheres dry box using 
standard procedures. Tetrahydrofuran was distilled 
under argon from sodium/benzophenone just prior 
to use. All other solvents were dried over molecular 
sieves and purged with nitrogen. Anhydrous ferrous 
chloride was prepared by the literature technique and 
found to be superior to commercially available 
material. All other reagents were commercially 
available and used without further purification, The 
preparation of Fe(P(OMe),), is described else- 
where [ to]. 

31P{1H} Fourier mode NMR spectra (36.43 MHz) 
were recorded using IO-mm tubes on a Bruker 
HFX-90 spectrometer. Proton and “F NMR spectra 
were recorded in the CW mode on Varian HRS6- 
IX-VFT 220/300 and XL-100 spectrometers respec- 
tively. Field desorption mass spectra were recorded 
on a CEC-21-1lOB spectrometer using a technique 
described elsewhere [15]. CC mass spectra were run 
on a Du Pont 21-490 GCMS using a UCON-LLB- 
550x column held at 85 “C! for 12 minutes and 
programmed 6’/minute to 150 “C. Analyses were 
carried out in our microanalytical facilities. Melting 
points are uncorrected. 

Dibromobis(tetrahydrofuran)iron(II) 
A Soxhlet extractor was set up under Nz and 

charged with FeBr, (100 g, 0.46 mol). The FeBr, 
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Figure 4. Calculated and observed 31PpH} NMR spectra for 
[Fe(P(OMe)s)s(CH3CN)I fSbF612. 

was extracted with THF to yield an orange solution. 
As the extraction continued, large crystals formed. 
After 12 hours, all the FeBr2 had been extracted. 
The extract was cocled and filtered yielding large 
white flaky crystals which were washed with ether 
and dried under vacuum. Yield = 150 g, 90%. Under 
prolonged storage, the white material begins to turn 
orange because of loss of THF. The color can be 
removed by recrystallization from THF. 

Dichlorobis(tetrahydrofuran)iron(II) 
An analogous procedure gave the dichloro com- 

plex in 50 to 80% yield dependent on the source and 
history of the starting material. 

Preparation of Two Forms of FeL3X2 Complexes 
In preparing the FeL3X2 complexes it was 

observed that two distinct forms with the same 
composition could be isolated. The only difference 
established between the two is their melting points. 
One class melts around 100 “C and the other does not 
melt up to 300 “C. The first is assumed to be the five- 
coordinate molecular complex, FeL3X2. The second 
is presumably the four-coordinate cationic species 
[FeL,X]‘X. These complexes have not been further 
characterized. Typical preparations of the two species 
are given. 

Preparation of low melting Fe(P(OEt)3)&2 
Fe(THF)2Br2 was suspended in toluene and 

P(OEt)3 was added until all material went into solu- 
tion. Then a small amount of ether was introduced 
followed by addition of pentane. The pentane was 
added very slowly and a flocculent precipitate 
appeared. Addition was continued until the fine 
fibrous crystals were very dense. Evaporation of a 
small quantity of the pentane dropped the temper- 
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ature of the solution and more product crystallized. 
The product was collected by vacuum filtration and 
was washed with pentane before drying under 
vacuum. This material is benzene soluble. 

Preparation of high melting Fe(P(OMe),),C12 
A suspension of FeClz (2.54 g, 20 mmol) in THF 

(100 ml) was refluxed for 3 hours with P(OMe), 
(9.4 ml, 80 mmol). The mixture was filtered hot to 
remove unreacted FeClz and cooled to room temper- 
ature. The bright yellow crystals which precipitated 
were filtered and dried under vacuum. 

A solution of Fe(P(OMe)&C12 (low-melting form) 
(3.0 g, 6.0 mmol) in methanol (40 ml) was reacted 
with excess P(OMe), (2 ml, 16 mmol). A methanol 
solution of NaBPh4 (2.06 g, 6 mmol) was then added. 
Large, yellow, platelike crystals usually began to 
precipitate before the addition was complete. Stirring 
was continued for 10 minutes and the product was 
then collected by vacuum filtration, washed with 
methanol and ether, and dried under vacuum. A final 
recrystallization from acetone/methanol was used to 
obtain analytically pure material. 

Preparation of [Fe(P(OMe)JsH] [PF, ] 
A solution of Fe [P(OMe),] 5 (2.03 g, 3 .O mmol) 

in methanol was reacted with a methanol solution of 
NH4PF6. The yellow iron solution lightened and was 
almost decolorized during this process. The solution 
was reduced in volume, and slow addition of ether 
precipitated a white crystalline product. The crystals 
were collected by vacuum filtration and dried under 
vacuum. M.P. >265 “C. 

The ‘H spectrum consists of a single broad phos- 
phite resonance at r = 6.36 and a hydride resonance 
consisting of the X part of an AB4X spectrum at i = 
22.7. JHPA = 25 Hz, JHPs = 55 Hz. F.D.M.S.: Calcd. 
for FeP501s&H&: 677; obs: 677. 

Preparation of [Fe(P(OMe)3)&e] [BPh,] 
A solution of Fe(P(OMe),), (2.03 g, 3.0 mmol) 

in THF was stirred with a threefold excess of Me1 for 
several days. The solution turned from yellow to 
yellow green. Addition of a stoichiometric quantity 
of NaBPh, followed by very slow addition of ether 
precipitated a white crystalline compound which 
was collected by vacuum filtration. M.P.: >265 “C. 

The methyl proton resonance was observed at 
-0.17 ppm (above TMS) as the X3 part of an AB$K3 
spectrum (Quintet, JH+ . = 6.6 Hz; JH--Ptr M was 
not observed). F.D.M.S.:%lcd. for FeP5015(!!1aH&: 
691; obs: 692. 

Reaction of Fe(P(OMe),), with CFJ 
A solution of Fe(P(OMe).& (2.03 g, 3.0 mmol) 

in ether was treated with CF31 (70 ml 3.0 mmol) at 

S. D. Ittel, A. D. English, C. A. Tolman and J. P. Jesson 

room temperature with stirring. A rapid reaction gave 
a greenish-yellow precipitate which was collected by 
vacuum filtration. 19F NMR of the crude product in 
methanol gave two weak signals assigned to trans- 
Fe(P(OMe),),(CF&I) (quintet at - 11.62 ppm, 
JpF = 52.5 Hz) and [Fe(P(OMe)&CF,]’ [I]- doublet 
of quintets at -80.85 ppm, JpF = 79.5 and 52.5 Hz). 
31P NMR indicated that the major product was 
[Fe(P(OMe),),I]* [I]- and, after one recrystallization 
from CH$&/MeOH, there were no fluorine-contain- 
ing species left. 

Reaction of Fe(P(OMe),lS with CFC13 
A solution of Fe(P(OMe)& (0.02 g, 0.03 mmol) 

in THF (0.5 ml) was mixed with CFCIB (1.5 ml vapor; 
0.06 mmol) giving a rapid reaction. The vapor phase 
was sampled by GCMS giving the following peaks: 
CHJCl (6.58 min); FClC=CFCl (10.03 min); CFCl, 
(13.08 min); CHBCFClz (16.05 min); CHCFClz 
(18.32 min); P(OMe)2F (22.14 min); P(OMe), 
(37.00 min). 
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