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1H NMR (cf. supplementary Material). 
The molecular structure of the [ (N0 2 ) (NH 3 ) 2 Pt-

(C5H5N 202)2Pt(NH3)2]3+ cation (Figure 1) consists of two 
CW-(NH3J2Pt(III) units bridged by two 1-MeU ligands head-to-
head, with PtI (coordinated to the two 04' oxygens) carrying a 
nitro group in the axial position. Counting each Pt as one ligand 
for the second Pt, PtI has the coordination number 6, while Pt2 
has 5 only. The Pt-Pt distance is 2.607 (1) A, the PtI-AfO2 

distance is 2.06 (2) A. Pt-NH 3 (2.03 (l)-2.07 (2) A)1 Pt-N3 
(2.02 (2) A), and P t -04 ' distances (2.01 (1), 2.04 (1) A) are 
normal, as is the geometry of the nitro ligand (N-O 1.20 (2) A, 
av O10-N12-O11 122 (2)°). The two Pt planes are tilted by 19° 
but almost eclipsed (twist angle about the Pt-Pt vector 3.6°, av). 

Intermolecular hydrogen bonding involves NH3 groups and 
nitrate oxygens, Ol 1 of the NO2 group and NH3, NH3 and lattice 
water, and lattice water and 02a' . None of these interactions 
are unusually short (>2.74 A), and there are no long-range Pt-Pt 
interactions (shortest intermolecular distance 6.3 A). 

Acknowledgment. We thank the DFG, Degussa (loan of 
K2PtCl4), and H. Vasquez, Universitat Heidelberg (magnetic 
measurements). 

Supplementary Material Available: Atomic positional and 
thermal parameter and 1H NMR data (2 pages). Ordering in­
formation is given on any current masthead page. 

(15) Anal. Calcd for [(N02)(NH3)2Pt(CsH5N202)2Pt(NH3)2](N03)3-
H2O: C, 12.53; H, 2.53; N, 17.54; O, 26.70. Found: C, 12.61; H, 2.49; N, 
17.69; O, 26.35. 

(16) X-ray analysis: Space group Cljc, a = 19.257 (5) A, b = 17.611 (5) 
A, c = 15.389 (2) A, /S = 109.44 (2)°, V = 4924.2 A3, Z = 8, P 0 ^ 2.55 g cm"3, 
Pcaicd 2.537 g cm"3. Of 4450 reflections measured, 3415 reflections with F0 
> IaF0 (PHILIPS PW 1100,X = 0.71069 A, 29 < 50°, Lp and empirical 
Oi = 110 cm"1) absorption corrections) were used for the calculations. Re­
finement to R = 0.074, R„iF) = 0.072 with H atoms ignored. The structure 
was solved by standard Patterson and difference Fourier methods. 

Iron K-Edge EXAFS Data on 
[Fe(o-C6H4(PMe2)2)2Cl2pF4]„ (n = 0-2). The 
Structure of an Iron(IV) Complex of 
o-Phenylenebis(dimethylphosphine) 

Stephen K. Harbron, Simon J. Higgins, and 
William Levason* 

Department of Chemistry, The University 
Southampton S09 5NH, U.K. 

C. David Garner,* Andrew T. Steel, and Martinus C. Feiters 

Department of Chemistry, Manchester University 
Manchester Ml 3 9PL, U.K. 

S. Samar Hasnain 

The Daresbury Laboratory, Warrington WA4 4AD, U.K. 
Received June 3, 1985 

Iron(IV) is a rare oxidation state, and relatively few thoroughly 
characterized compounds have been reported.1 The presence of 
Fe(IV) in oxidized horseradish peroxidase was proposed over 30 
years ago,2 and the nature of the oxidation products of iron(IH) 
porphyrins has remained a topic of considerable controversy. 
Recent studies have identified many of the one-electron oxidation 
products of iron(III) porphyrins as iron(HI) porphyrin ir-cation 
radicals; i.e., the oxidation is ligand rather than metal centered.3"5 

(1) For a review of the earlier literature, see: Levason, W.; McAuliffe, C. 
A.; Coord. Chem. Rev. 1974, 12, 151-184. 

(2) George, B.; Irvine, D. H.; Nature (London) 1951, 168, 164-165. 
George, P.; Nature (London) 1952, 169, 612-613. 

(3) Shimomura, E. T,; Phillippi, M. A.; Goff, H. M.; Scholz, W. F.; Reed, 
C. A. J. Am. Chem. Soc. 1981, 103, 6778-6780. 

(4) Phillippi, M. A.; Goff, H. M. J. Am. Chem. Soc. 1982, 104, 
6026-6034. 
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Figure 1. (a) EXAFS and (b) its Fourier Transform of compound 3 and 
(c) the Fourier Transform of compound 2 (full-line experimental data; 
broken line calculated). 

In a smaller number of cases, there is good evidence (especially 
from the 57Fe Mossbauer spectra) for the formation of Fe-
(IV)-porphyrin species, e.g., in horseradish peroxidase,6 /ui-nitrido-7 

and jt-carbido8 dimers, a M-OXO polymer,9 and most recently 

(5) Boersma, A. D.; Goff, H. M. Inorg. Chem. 1984, 23, 1671-1676 and 
references' therein. 

(6) Moss, T. H.; Ehrenberg, A.; Bearden, A. J. Biochemistry 1969, 8, 
4159-4162. 

(7) Kadish, K. M.; Rhodes, R. K.; Bottomley, L. A.; Goff, H. M. Inorg. 
Chem. 1981, 20, 3195-3200. 
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Table I. Structural Data 

complex Fe-Cl1A" Fe-P1A ^ , A 2 4 technique ref 

[PPh4][FeCl4] 2A9 0.005 EXAFS this work 
[AsPh4][FeCl4] 2.182(1) X-ray 27 
[Fe(O-C6H4(PMeJ)2)JCl2] (1) 2.35 2.23 0.007,0.006 EXAFS this work 
[Fe(Me2PCH2CH2PMe2)2Cl2] 2.352 (1) 2.241 (1), 2.230 (1) X-ray 28 
[Fe(o-C6H4(PMe2)2)jClj] [BF4] (2) 2.245 2.245 0.010,0.010 EXAFS this work 
[Fe(o-C6F4(PMe2)2)2Cl2] [BF4] 2.234(1) 2.292 (1), 2.295 (1) X-ray 29 
[Fe(O-C6H4(PMe2)J)2Cl2] [BF4]2 (3) 2.16 2^33 0.007, 0.010 EXAFS this work 

"Using current data analysis programs, the errors in the EXAFS bond lengths are considered to be ±0.01-0.02 A. 4Debye-Waller parameter. 

monomelic dialkoxy complexes.10 The porphyrin ring system is 
special and it would be desirable to have structural data on simpler 
iron(IV) compounds. Examples of the latter type with anionic 
ligands are the oxo metalates Ba2FeO4, Na4FeO4,11,12 dithio-
carbamates [Fe(R2NCS2)S]+,13"15 diselenocarbamates [Fe-
(R2NCSe2)3]+,16 and 1,1-dithiolates [Fe(S2C2(C02Et)2)3]2".17 

Isolation of Fe(IV) complexes with neutral ligands is especially 
difficult and it is notable that, although electrochemical oxidation 
of [Fe(L-L)3]3+ (L-L = 2,2'-bipyridyl, 1,10-phenanthroline) to 
the 4+ cation is possible,18 the electron removed is from a ligand 
orbital. The only neutral ligands complexed to Fe(IV) are o-
phenylenebis(dimethylarsine) in [Fe(o-C6H4(AsMe2)2)2X2] [BF4] 2 

(X = Cl, Br)19 and its phosphorus analogue in [Fe(O-C6H4-
(PMe2)2)2Cl2J [ReO4J2,

20 for which 57Fe Mossbauer spectra21 and 
the magnetic data19'20 support a (t2g)4 formulation. 

As part of our studies on high oxidation state complexes,22 we 
have recently prepared Fe(IV) complexes of several diphosphines, 
details of which will be reported elsewhere. The (t2g)4 configu­
ration is rare among the 3d elements and the accompanying 
structural data are keenly sought,23 but the instability of the Fe(IV) 
complexes (decomposition occurs in hours in the solid state at room 
temperature and in minutes in most solvents) has precluded the 
growth of single crystals for X-ray studies. However, we have 
recently shown that structural data on similarly unstable Ni(IV) 
diphosphine complexes can be obtained by using a combination 
of spectroscopic data and metal K-edge EXAFS.24 Here we 
report a similar study of the series [Fe(o-C6H4(PMe2)2)2Cl2] [BF4] „ 
(n = 0-2) (compounds(l-3) which not only provides data for the 
Fe(IV) complex (« = 2) but also places the bond length changes 
in context as the metal's formal oxidation state changes from II 
to III to IV. Spectroscopic data19,20,25 show that all three complexes 

(8) English, D. R.; Hendrickson, D. N.; Suslick, K. S. Inorg. Chem. 1983, 
22, 367-368. 

(9) Hiller, W.; Strahle, J.; Datz, A.; Hanack, M.; Hatfield, W. E.; ter 
Haar, L. M.; Gutlich, P. J. Am. Chem. Soc. 1984, 106, 329-335. 

(10) Groves, J. T.; Quinn, R.; McMurray, T. J.; Nakamura, M.; Lang, G.; 
Boso, B. J. Am. Chem. Soc. 1985, 107, 354-360. 

(11) Scholder, R. Z. Electrochem. 1952, 56, 879-882. 
(12) Scholder, R.; Bunsen, H. V.; Zeiss, W. Z. Anorg. AlIg. Chem. 1956, 

283, 330-337. 
(13) Pasek, E. A.; Straub, D. K. Inorg. Chem. 1972, / ; , 259-263. 
(14) Chant, R.; Hendrickson, A. R.; Martin, R. L.; Rohde, N. M. Inorg. 

Chem. 1975, 14, 1894-1902. 
(15) Martin, R. L.; Rohde, N. M.; Robertson, G. B.; Taylor, D. J. Am. 

Chem. Soc. 1974, 96, 3647-3649. 
(16) Deplano, P.; Trogu, E. F.; Bigoli, F.; Leporate, E.; Pellinghelli, M. 

A.; Perry, D. L.; Saxton, R. J.; Wilson, L. J. /. Chem. Soc., Dalton, Trans. 
1983, 25-30. 

(17) Hollander, F. J.; Pedelty, R.; Coucouvanis, D. J. Am. Chem. Soc. 
1974, 96, 4032-4034. 

(18) Gaudiello, J. G.; Sharp, P. R.; Bard, A. J. /. Am. Chem. Soc. 1982, 
104, 6373-6377. Gaudiello, J. G.; Bradley, P. G.; Norton, K. A.; Woodruff, 
W. H.; Bard, A. J. Inorg. Chem. 1984, 23, 3-10. 

(19) Nyholm, R. S.; Parish, R. V.; Chem. lnd. 1956,470. Hazeldean, G. 
S. F.; Nyholm, R. S.; Parish, R. V. /. Chem. Soc. A 1966, 162-165. 

(20) Warren, L. E.; Bennett, M. A.; Inorg. Chem. 1976, 15, 3126-3140. 
(21) Paez, E. A.; Weaver, D. L.; Oosterhuis, W. T. /. Chem. Phys. 1972, 

57, 3709-3715. 
(22) Higgins, S. J.; Levason, W. Inorg. Chem. 1985, 24, 1105-1107. 
(23) The (t2g)

4 configuration is believed to the present in horseradish 
peroxidase compound II. Penner-Hahn, J. E.; McMurry, T. J.; Renner, M.; 
Latos-Grazynsky, L.; EbIe, K. S.; Davis, I. M.; Balch, A. L.; Groves, J. T.; 
Dawson, J. H.; Hodgson, K. O. / . Biol. Chem .1983, 258, 12761-12764. 

(24) Steel, A. T.; Feiters, M. S.; Garner, C. D.; Hasnain, S. S.; Higgins, 
S. J.; Levason, W. /. Chem. Soc., Chem. Commun. 1985, 484-485. 

are trans six-coordinate (trans-P^Cl2 complexes) and, in the 
treatment of the EXAFS data, the coordination number and donor 
atom arrangement was fixed. This removes some uncertainty in 
data interpretation due to the strong correlation between the 
Debye-Waller terms and the coordination number; such a cor­
relation would cause particular difficulties for these systems in 
view of the similar back-scattering functions of phosphorus and 
chlorine. 

EXAFS data at the iron K-edge were recorded at the Daresbury 
Synchrotron Radiation Source operating at an energy of 2.0 GeV 
with an average current of 160 mA. Phase shifts were calculated 
by using the ab initio approach described elsewhere,26 and their 
reliability was established by interpretation of the EXAFS re­
corded for [FeCl4]" and compounds 1 and 2. For [FeCl4]", the 
Fe-Cl bond length (Table I) determined by EXAFS agrees well 
with crystallographic data.27 For compound 1 [Fe(O-C6H4-
(PMe2)2)2Cl2], both the Fe-Cl and Fe-P distances are in good 
agreement with the crystallographic data28 for the related complex 
[Fe(Me2PCH2CH2PMe2) 2C12]. However, there is some dis­
crepancy between the Fe-Cl and Fe-P distances observed for 
compound 2 [Fe(o-C6H4(PMe2)2)2Cl2] [BF4] and the results of 
the X-ray determination29 (Table I) for the related complex 
[Fe(o-C6F4(PMe2)2)2Cl2] [BF4]. The EXAFS analysis of com­
pound 2 could not distinguish between the Fe-P and the Fe-Cl 
distances and an average value of 2.245 A was obtained, some 
0.03 A shorter than in the (tetrafluorophenyl)diphosphine complex. 
The inability of EXAFS to distinguish between the Cl and P shells 
is demonstrated by the sharpness of the peak in the Fourier 
transform (Figure Ic) and is undoubtedly due to the similar 
back-scattering of Cl and P, combined with the small differences 
in the shell distances. 

The problem of distinguishing between Cl and P shells was not 
apparent for compound 3, [Fe(o-C6H4(PMe2)2)2Cl2] [BF4J2. The 
Fourier transform of the EXAFS data (Figure lb) especially when 
compared to that of compound 2 (Figure Ic) shows clear evidence 
for the two shells. The Fe-Cl and Fe-P bond distances which 
produced the optimum interpretation of the EXAFS data for 
compound 3 are shown in Table I. 

Comparison of the Fe-Cl and Fe-P bond lengths in 1, 2, and 
3 shows that, as the oxidation state of the iron increases, the Fe-Cl 
bonds shorten and the Fe-P bonds lengthen. The same trends 

(25) [Fe(o-C6H4(PMe2)2)2Clj] (1) green powder, prepared from freshly 
reduced ethanolic FeCl2 and the ligand under dinitrogen. Anal. Calcd for 
C20H32Cl2FeP4: C = 45.8, H = 3.8. Found: C = 45.7, H = 3.8. [Fe(o-
C6H4(PMe2)J)2Cl2][BF4] (2) red crystals, prepared from FeCl3 and the ligand 
in ethanol, followed by treatment with excess HBF4 (30%). Anal. Calcd 
C20H32BCl2F4FeP4: C = 39.4, H = 5.5. Found: C = 39.5, H = 5.5. [Fe-
(0-C6H4(PMe2)J)2C1J] [BF4J2 (3) deep violet crystals, prepared by dissolving 
2 moistened with a few drops of concentrated hydrochloric acid, in concen­
trated nitric acid at 0 °C, filtering, and precipitating the product with 40% 
HBF4 at 0 0C. The solid was dried in vacuo in the dark. Anal. Calcd 
C20H32B2Cl2F8FeP4: C, 34.5; H, 4.5; Cl, 10.2. Found: C, 35.0; H, 4.7; Cl, 
10.0. Magnetic moments: (1) diamagnetic, (2) 2.21 MB, (3) 3.01 ^B (±0.05). 
IR spectra v(Fe-Cl) (1) 349, (2) 377, (3) 384 cm"1. Dynamic voltammetry 
reveals two reversible Ie oxidations of 1 at +45, +1430 mV vs. SCE in MeCN 
solution. 

(26) Perutz, M. F.; Hasnain, S. S.; Duke, P. J.; Sessler, J. L.; Hahn, J. E. 
Nature (London) 1982, 295, 535-538. 

(27) Cotton, F. A.; Murillo, C. A. Inorg. Chem. 1975, 14, 2467-2469. 
(28) Di Vaira, M.; Midollini, S.; Sacconi, L. Inorg. Chem. 1981, 20, 

3430-3435. 
(29) Higgins, S. J.; Jewiss, H. C; Levason, W.; Webster, M. Acta Crys-

tallogr., Sect. C 1985, C41, 695-697. 
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have been observed in [Mn(o-C6H4(PMe2)2)2Cl2]"
+ (n = 1, 2).20 

The lengthening of the Fe-P bonds as the metal oxidation state 
increases is probably due to the decreasing Fe-P orbital overlap 
as the metal orbitals contract. Correspondingly, the shortening 
of the Fe-Cl bonds 1 < 2 < 3 reflects a stronger interaction with 
the (T and ir donor orbitals of the chloride as the charge on the 
metal increases. Furthermore, it has been pointed out28 that, for 
Fe(II) with the (t2g)

6, configuration there may be a destabilizing 
7r-repulsion between the chlorine pn- and the filled metal acceptor 
orbitals which will decrease as the t2g orbitals are progressively 
emptied. The strong axial compression observed in 3 by EXAFS 
also correlates well with the results of 57Fe Mossbauer studies on 
the diarsine analogue, which concluded21 that the complex pos­
sessed a 3A2 ground state with a strengthening of the ligand field 
along the Cl-Fe-Cl axis compared with the Fe(II) and Fe(III) 
systems. 
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Since the original discovery by Bartlett1 of a species containing 
a XeF bond, a variety of other xenon-containing compounds have 
been prepared and characterized. Both ionic and covalent bond 
compounds have been synthesized involving bonds between xenon 
and boron,2 fluorine,3 nitrogen,4 and oxygen.5 In addition evidence 
has been presented for a C-Xe bond in (CF3) 2Xe6 and transient 
XeCl has been used in excimer lasers.7 Despite the variety and 
number of xenon-containing compounds, however, very little 
quantitative information is available for bond dissociation energies 
of bonds to xenon. Very early kinetic experiments by Johnston8 

established Xe-F bond strengths in XeF4, XeF2, and XeF of 48, 
54, and 11 kcal mor1, respectively. Later photoionization mass 
spectrometric appearance energy measurements were used to 
accurately determine AH ° (XeF2),

9 and a value for the Xe-F bond 
energy in XeF2 of 55 kcal mol"1 was obtained. 

Holtz and Beauchamp10 have carried out ion-molecule reactions 
in H2, Xe, and CH3F mixtures in an ICR spectrometer and have 
observed eq 1, which establishes the methyl cation binding energy 

CH3FH+ + Xe-* XeCH3
+ + HF (1) 

of Xe as greater than that of HF. On the basis of failure to observe 
the analogous reaction for CH3ClH+ (and the accepted thermo-
chemical data at the time) a methyl cation binding energy for 
Xe of 43 ± 8 kcal mol""1 was deduced. 

Recently a pulsed electron beam high-pressure mass spectro­
metric method" has been developed for the accurate determination 

(1) Bartlett, N. Proc. Chem. Soc. 1962, 218. 
(2) Goetschel, C. T.; Loos, K. R. / . Am. Chem. Soc. 1972, 94, 3018. 
(3) Malm, J. G.; Selig, H.; Jortner, J.; Rice, S. A. Chem. Rev. 1965, 65, 

199. 
(4) DesMarteau, D. D. J. Am. Chem. Soc. 1978, 100, 6270. 
(5) Smith, D. F. In "Noble Gas Compounds"; Hyman, H. H„ Ed.; Univ­

ersity of Chicago Press: Chicago, 1963; p 295. 
(6) Turbini, L. J.; Aikman, R. E.; Lagow, R. J. J. Am. Chem. Soc. 1979, 

101, 5833. 
(7) Brau, Ch. A. In "Excimer Lasers", Top. Appl. Phys. 1984, 30, 87. 
(8) Johnston, H. S.; Woolfolk, R. J. Chem. Phys. 1964, 41, 269. 
(9) Berkowitz, J.; Chupka, W. A.; Guyon, P. M.; Holloway, J. H.; Spohr, 

R. J. Phys. Chem. 1971, 75, 1472. 
(10) Holtz, D.; Beauchamp, J. L. Science (Washington, D.C.) 1971, 24, 

1237. 
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Figure 1. (a) Partial mass spectrum of Xe at a total pressure of 10"* torr 
and 70-eV electron energy, (b) Time-delayed mass spectrum of the m/z 
140-156 region for an 18:1 mixture of Xe/CH3F at a total pressure of 
2 X 10"* torr, 200 ms following a 5-ms, 70-eV electron beam pulse. 
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Figure 2. Variation of relative ionic abundances with time for an 18:1 
mixture of Xe/CH3F at a total pressure of 2 X 10"6 torr following a 5-ms, 
70-eV electron beam pulse. 

of methyl cation binding energies through observation of methyl 
cation transfer equilibria. The binding energy of CH3

+ to N2 may 
be accurately determined from photoionization appearance energy 
measurements for the production of CH3N2

+ from azomethane, 
eq 2.12 The observed threshold for CH3N2

+ production of 9.20 

CH3N=NCH3 - ^ - CH3N2
+ + CH3 (2) 

± 0.03 eV and standard neutral thermochemistry13 allow calcu­
lation of the methyl cation affinity of N2 as 51.9 ± 1.7 kcal mor1. 
In the high-pressure mass spectrometer an ion-molecule reaction 
sequence, eq 3-5, in N2-CH3F mixtures in which N2 is present 

N2
+ + CH3F -* CH3F

+ + N2 (3) 

CH3F
+ + CH3F — CH3FH+ + CH2F (4) 

CH3FH+ + N 2 - CH3N2
+ + HF (5) 

CH3N2
+ + CH3F — (CH3)2F

+ + N2 (6) 

(11) Kebarle, P.; Nicol, G.; Heinis, T.; Hovey, J. K.; McMahon, T. B. 
unpublished results. 

(12) Foster, M. S.; Williamson, A. D.; Beauchamp, J. L. Int. J. Mass. 
Spectrom. Ion Phys. 1974, 15, 429. 

(13) AWfO(CH3N=NCH3) = 32.1 ± 1.0 kcal mol'1 from: Engel, P. S.; 
Wood, J. L.; Sweet, J. A.; Margrave, J. L. / Am. Chem. Soc. 1974, 96, 2381. 
All other thermochemical data are taken from ref 16. 
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