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Abstract
The

propen-2-yl-dimetallacyclopentenone

complex

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-

Cα(H)=Cβ(Cγ(CH3)CH2)C(=O)}] (1) underwent electrophilic additions at the propenyl moiety
to

afford

the

µ-allenyl

complexes

[Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-

CαH=Cβ=Cγ(CH3)(CH2E)}][BF4] (E = CPh3, [2][BF4]; E = H, [3][BF4]), in ca. 85% yield. The
molecular structure of ([2][BF4]) was ascertained by X-ray diffractometry; X-ray, NMR and
DFT results agreed in that one single isomer formed, bearing the [CH2CPh3] group pointing
far from the Fe−Fe axis. The reaction of [3][BF4] with NHEt2 in the presence of PhSSPh
resulted in the prevalent formation of [FeCp(CO)2SPh] (7).

Keywords: diiron complexes, allenyl ligand, propen-2-yl-dimetallacyclopentenone, C−C bond
formation, electrochemistry, DFT calculations.

1. Introduction
Dinuclear complexes endow a variety of reactivity patterns to bridging hydrocarbyl
ligands and offer the possibility of stabilizing coordination modes, as consequence of the
cooperativity of the two metal centres working in concert [1]. In this context, the reactivity of
diiron complexes based on the [Fe2Cp2(CO)(µ-CO)] core has aroused increasing attention in
the last years due to the interest in the preparation of functionalized organic fragments, that
cannot be easily achieved through conventional organic protocols, by assistance of non toxic
metal centres [2]. In general, allenyl ligands bridged-coordinated to di- or polynuclear
systems have proved to be feasible materials for the formation of unusual metallorganic
species [3]. Several synthetic strategies are available for the preparation of allenyl complexes
[3]; some of us recently reported [3a] that the protonation of diiron-cyclopentenone
complexes [4] bearing a OH-group in their side chain represented a straightforward route to
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the formation of cationic µ-allenyl derivatives. The same procedure is viable for analogous
diruthenium [3b] and mixed iron-ruthenium systems [5].
Herein

we

report

yl)dimetallacyclopentenone

that

electrophilic

additions

complex

to

the

(propen-2-

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-

Cα(H)=Cβ(Cγ(CH3)CH2)C(=O)}] (1) [3a] result in the formation of µ-allenyl species. DFT
calculations have been carried out in order to provide theoretical insights into the
experimental results.

2. Results and discussion.
The complex [Fe2Cp2(CO)(µ-CO){µ-η1:η3-Cα(H)=Cβ(Cγ(CH3)CH2)C(=O)}] (1), in
dichloromethane solution, reacted with electrophiles to give the µ-allenyl derivatives
[Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-CαH=Cβ=Cγ(CH3)(CH2E)}][BF4] (E = CPh3, [2][BF4]; E =
H, [3][BF4]), Scheme 1. The products were isolated in high yields after work-up.

Scheme 1 about here

The formation of the allenyl compound [2]+ is the consequence of the selective C−C coupling
of the [CPh3]+ cation with the propen-2-yl unit in 1 [6]. Compound [2][BF4] was characterized
by IR and NMR spectroscopy, elemental analysis and electrochemistry. Furthermore, X-ray
quality crystals were collected from a CH2Cl2/Et2O mixture at low temperature (see
Experimental). The ORTEP molecular diagram of [2]+ is shown in Figure 1, with the relevant
bond lengths and angles reported in Table 1. The structure of the [2]+ cation closely resembles
those of other diiron and diruthenium µ-allenyl complexes previously reported [3a]. The
cation is based on a cis-[Fe2(Cp)2(CO)2(µ-CO)] core to which is coordinated the bridging {µη1:η2-C(H)=C=C(Me)(CH2CPh3)} allenyl ligand. The bonding parameters of the latter are as
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expected for this class of ligands [7], with C(14)-C(15)-C(16) considerably bent [151.4(6)°;
usual values are in the 143-157° range] and both C(14)-C(15) [1.362(9)] and C(15)-C(16)
[1.311(9)] displaying considerable π-character [usual values are in the 1.36-1.40 and 1.311.35 Å ranges, respectively]. The bridging CO ligand is asymmetric with the shorter contact
toward Fe(2), which is η1-coordinated to the allenyl ligand.

Figure 1 and Table 1 about here

The IR spectrum of [2][BF4] (in CH2Cl2 solution) displays clearly the absorptions due to
terminal (at 2038 and 2013 cm−1) and bridging carbonyls (1868 cm−1), respectively.
The NMR spectra (in CD3CN solution at 298 K) of the product isolated from the reaction of 1
with [CPh3][BF4] contain a single set of signals, indicating that the addition of the [CPh3]
group to 1 takes place with regio- and stereo-specificity. The
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C spectrum displays the

resonances due to the Cβ and Cγ respectively at 154.2 and 123.0 ppm, in accordance with what
has been reported for similar compounds [3a,b]. The [CαH] nuclei are seen in the highfrequency region [δ(1H) = 9.83 ppm; δ(13C) = 145.9 ppm]. The Cγ-Me group resonates at 1.57
ppm (1H) and 24.4 ppm (13C), respectively. It should be noted that the Cγ-bound methyl
groups in the allenyl [Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-CαH=Cβ=Cγ(CH3)2}][BF4] give raise to
resonances at 2.28, 1.94 ppm (1H) and 27.7, 23.2 ppm (13C); the higher-field resonances [1.94
(1H), 23.2 (13C) ppm] were attributed to the methyl pointing towards the Fe−Fe axis [3a,b].
On account of this feature, it may be concluded that the cation [2]+ in solution holds the Cγmethyl pointing at the Fe−Fe axis, and thus the [CH2CPh3] moiety far from the same axis.
This is the same configuration as that found in the solid state (see above).
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Diiron and diruthenium allenyl complexes usually exhibit a fast exchange process at room
temperature (σ-π fluxionality [3b], Scheme 2). The observance of clear 1H and
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C NMR

spectra at room temperature lends support to the lack of fluxionality for [2]+; this is probably
a consequence of the steric encumbrance exerted by the [CH2CPh3] group.

Scheme 2 about here

Complex [2][BF4] in CH2Cl2/[NnBu4][PF6] solution underwent one irreversible oxidation at
+1.20 V (vs FeCp2) and three consecutive reduction processes at −1.01, −1.99 and −2.30 V.
Analysis of the cyclic voltammograms, with scan rates varying between 0.02 and 1.00 V s−1,
confirmed the electrochemically-reversible, diffusion-controlled nature of the first reduction,
complicated by a subsequent chemical reaction (ipa/ipc = 0.73 at 1.0 V s−1).
Former studies established that diruthenium µ-allenyl cations analogous to [2]+ could exist in
two isomeric forms differing from each other in the orientation of the Cγ-substituents [3b]. On
considering this fact, we optimized by DFT calculations the structures of the possible isomers
for

the

cation

[Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-CαH=Cβ=C(CH3)(CH2CPh3)}]+.

The

computed structures ([2a]+, [2b]+) are shown in Figure 2, and a selection of calculated
geometric parameters is given in Table S1. The structure [2a]+ corresponds to the one found
experimentally. A compared reading of Tables 1 and S1 outlines that the theoretical
parameters are in good agreement with the X-ray data.

Figure 2 about here
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According to the DFT calculations, the cation [2a]+ is more stable than the stereoisomer [2b]+
by about 7 kcal mol−1. This result appears to be a consequence of the major steric hindrance
exerted by the [CH2CPh3] substituent with respect to [Me], and is in alignment with the
experimental evidences (i.e. [2b]+ does not form).
The selective formation of [3]+ by reaction of 1 with HBF4·Et2O deserves a detailed
discussion. It was reported that the reaction of the dimetallacyclopentenone compound
[Fe2Cp2(CO)(µ-CO){µ-η1:η3-CαH=Cβ(Ph)C(=O)}] (4) with HBF4·Et2O afforded readily the
vinyl species [Fe2Cp2(CO)2(µ-CO){µ-η1:η2-CαH=CβH(Ph)}][BF4] ([5][BF4]) via protonation
at the Cβ centre, see Introduction [4, 8]. Since compound 1 has a dimetallacyclopentenone
core likewise 4, at least two sites in the former might be susceptible to H+ attack: a) the [CH2]
fragment in the propen-2-yl unit; b) the Cβ carbon. The observed formation of [3]+ is the
consequence of proton addition at site a). Alternative addition at site b) would produce the
hypothetical vinyl complex [Fe2Cp2(CO)2(µ-CO){µ-η1:η2-CαH=CβHCγ(Me)=CH2}]+ ([6]+).
In the attempt to shed some light on the chemical behaviour of 1, its electrochemical
properties were studied by cyclic voltammetry. Compound 1 underwent one reduction process
at −1.90 V and one oxidation at +0.08 V (vs FeCp2, CH2Cl2/[NnBu4][PF6] solution). Analysis
of the cyclic voltammograms, with scan rates varying between 0.02 and 1.00 V s−1, confirmed
the electrochemically-reversible, diffusion-controlled nature of the two processes. A fast
chemical reaction followed the oxidation (ipc/ipa = 0.28 at 1.0 Vs−1) and new, unidentified,
redox active compounds formed as indicated by the appearance of two reduction processes (at
−0.7 and −1.02 V). Also the reduction of 1 is a partially chemically reversible process (ipa/ipc
= 0.40 at 1.0 Vs−1).
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The electrochemistry of 1 closely resembles that previously observed for 4 in CH2Cl2 solution
[8b]. This fact suggests that the redox changes, in both complexes 1 and 4, are negligibly
affected by the nature of the Cβ-substituent in the hydrocarbyl skeleton.
Thus, in order to rationalize the different reactivity with H+ exhibited respectively by 1 and 4,
we optimized the structures of 1, [3]+, 4, [5]+ and [6]+ by DFT calculations, with the addition
of an implicit solvation model for dichloromethane in the cases of [3]+ and [6]+. The
computed structures, together with the corresponding salient geometric parameters, are given
as Supplementary Information (Figures S1-S5 and Tables S2-S6). The geometric parameters
calculated for [3]+ and 4 are strictly comparable with those previously obtained by singlecrystal X-Ray diffractometry [3a, 8b], with deviations between computed and experimental
bond lengths below 1%. The gas-phase proton affinities for the reactions {[5]+ → 4 + H+} and
{[3]+ → 1 + H+} were determined to be respectively 237 and 238 kcal mol−1. These values
match well with those reported for organic bases such as 3,4,5-trimethylpyridine and 1,5dimethylimidazole [9] and, being closely similar to each other, indicate a comparable basicity
of the neutral complexes 4 and 1.
Interestingly, the highest-energy occupied molecular orbitals of 1 are mainly localized on Cβ
and on the methylene carbon. The pattern of the Fukui’s function f–(r) [10] calculated for 1
(Figure 3) agrees in that both such carbon atoms are potential sites of electrophilic attack;
indeed the function is localized on Fe1, Cβ and, to lower extent, the [CH2] carbon.

Figure 3 about here

According to the calculations, compounds [6]+ and [3]+ have similar enthalpy values both in
the gas-phase and in CH2Cl2 (∆H is comprised between 1 and 2 kcal mol−1). This fact
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prompted us to find a route for the possible conversion of [3]+ into its isomer [6]+ via
hydrogen intramolecular migration. Heating a solution of [3][BF4] in acetonitrile at reflux
temperature resulted in prevalent decomposition [compound Fe2Cp2(CO)4 was recovered in
ca. 25% yield], while analogous treatment in boiling CHCl3 or (CH2Cl)2 solution was
ineffective. The employment of small amounts of a potential catalyst such as NHEt2 did not
influence significantly the outcomes of these processes.
The reaction of 1 with HBF4·Et2O, affording [3]+, is the reverse of the formation of 1 by
deprotonation of [3][BF4] [3a]. The synthetic sequence [3]+ → 1 → [2]+ represents a feasible
route for the functionalization of the allenyl ligand, proceeding via C−H activation and C−C
bond formation. The overall result involves the incorporation of the [CPh3]+ group with the
displacement of the acidic proton from the methyl group of [3]+. With the aim of obtaining a
functionalized allenyl species by one-pot process, we allowed [3][BF4] to react with NHEt2 in
the presence of PhSSPh. Indeed a similar strategy proved to be efficient for the displacement
of one acidic hydrogen with the [SPh]+ unit in diiron µ-vinyliminium complexes [11].
Nevertheless the reaction of [3][BF4] with NHEt2/PhSSPh failed to give the expected SPhfunctionalized allenyl complex. Instead the previously reported mononuclear compound
[FeCp(CO)2SPh] (7) [12] was isolated in good yield.
The fragmentation reaction leading to 7 suggests that some mechanism including the
formation of radical species could be operative. It has to be remarked that previous studies on
[3]+ have outlined that this complex can be easily monoelectronically reduced to a radical
intermediate bearing most of the unpaired electron density on the iron centres [8b]. The
capture of this metal-based radical by PhSSPh, acting as radical scavenger, may determine the
breaking of the Fe−Fe bond and the consequent formation of 7.

3. Conclusions
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The reactions of a diiron propen-2-yl-dimetallacyclopentenone complex with electrophiles
(H+, CPh3+) result in straightforward synthesis of µ-allenyl derivatives. In particular, the
protonation reaction represents the reverse of the formation of the propen-2-yldimetallacyclopentenone reactant by deprotonation of the allenyl product.
Therefore the allenyl ligand [−Cα=Cβ=CγMe2], bridged coordinated to diiron frame, may be
viewed as a feasible material for organic transformation, occurring via C−H bond activation
and successive C−C formation. Otherwise treatment of such allenyl species with amine, in the
presence of a potential radical scavenger (PhSSPh), leads to Fe−Fe cleavage and formation of
a SPh-containing monoiron complex.

4. Experimental details

4.1. General
Reactions were carried out under nitrogen atmosphere, using standard Schlenk
techniques. Glassware was oven-dried before use. Solvents were distilled before use under
nitrogen from appropriate drying agents. Chromatography separations were carried out on
columns of Alumina (Fluka, Brockmann Activity I) or Celite (Fluka, 512 Medium). All
reactants were commercial products (Sigma-Aldrich) of the highest purity available and used
as received. Compound 1 [3a] and ferrocene [13] were prepared according to the literature.
Infrared spectra were recorded at 298 K on FT-IR Perkin–Elmer Spectrometer equipped with
a UATR sampling accessory (solid samples). NMR measurements were performed at 298 K
(unless otherwise stated) on Bruker Avance DRX400 instrument equipped with probe BBFO
broadband. The chemical shifts for 1H and
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C NMR spectra were referenced to the non

deuterated aliquot of the solvent; the spectra were fully assigned via DEPT experiments and
1

H,13C correlation measured through gs-HSQC and gs-HMBC experiments [14].
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Apparatus and techniques for the electrochemical measurements were previously
described [7]. Electrochemical measurements were performed in 0.2 M CH2Cl2 solutions of
[NnBu4][PF6] as supporting electrolyte and all potential values were referenced to the
ferrocene/ferrocenium couple (ferrocene was added as internal reference).
Carbon and hydrogen analyses were performed on Carlo Erba mod. 1106 instrument.
The computational geometry optimization of the complexes was carried out using the
hybrid DFT EDF2 method [15] without symmetry constraints, in combination with the
LACVP** basis set, which is a combination of the 6-31G(d,p) basis set with the LANL2DZ
effective core basis set [16].
Further refining was carried out for 1, [3]+, 4, [5]+ and [6]+ with the hybrid DFT M06
functional [17] in combination with a polarized triple-ζ quality basis set composed by the 6311G(d,p) basis set on the light atoms and the LANL2TZ(f) basis set on the metal centre [18].
The “restricted” formalism was applied to all the complexes. The stationary points were
characterized by IR simulations, from which the zero-point vibrational energies were
computed. In every cases the Hessian afforded positive eigenvalues. The thermal
contributions to enthalpy were calculated on the basis of statistical mechanics standard
formulae (rigid-rotor approximation). Proton affinity values were calculated from computed
quantities as reported in the literature [19]. Implicit solvation was added during the
optimization of [3]+ and [6]+ by using the C-PCM model for dichloromethane [20]. The
Fukui’s function f–(r) for 1 was obtained from the electron density of this compound and from
the electron density of the same compound missing of one electron [10]. DFT EDF2
calculations were carried out with Spartan 08 [21], while Gaussian 09 was used for the
calculations based on the M06 functional [22]. All the calculations were performed on x8664 workstation based on Intel Core I7 processor.
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4.2. Synthesis of [Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-CαH=Cβ=C(CH3)(CH2E)][BF4] (E

=

CPh3, [2][BF4]; E = H, [3][BF4]).
A solution of complex 1 (0.300 g, 0.765 mmol) in CH2Cl2 (15 mL) was treated with
[CPh3][BF4] (0.260 g, 0.788 mmol). The mixture was stirred at room temperature for 24
hours. Hence the volatile materials were removed in vacuo. The resulting residue was washed
with Et2O (2 x 20 mL), then dissolved in CH2Cl2 and filtered on a Celite pad. Removal of the
solvent afforded a dark-red solid corresponding to [2][BF4] (yield 0.497 g, 90%). Red crystals
suitable for X-ray analysis were collected from a CH2Cl2 solution layered with Et2O and
stored at −30°C. Anal. Calcd. for C37H31BF4Fe2O3: C, 61.54; H, 4.33. Found: C, 61.37; H,
4.48. IR (CH2Cl2): ν(CO) 2038(vs), 2013(m), 1868(m) cm−1. 1H NMR (CD3CN) δ 9.83 (s, 1
H, CαH); 7.59-7.33 (15 H, Ph); 5.39, 5.09 (s, 10 H, Cp), 4.26, 3.61 (d, 2 H, 2JHH = 14 Hz,
CH2); 1.57 (s, 3 H, Me). 13C{1H} NMR (CD3CN) δ 241.5 (µ-CO); 210.2, 206.0 (CO); 154.2
(Cβ); 147.6 (ipso-Ph); 145.9 (Cα); 129.7, 128.4, 126.7 (Ph); 123.0 (Cγ); 92.3, 88.0 (Cp); 58.7
(CPh3); 50.4 (CH2); 24.4 (Me).
The reaction of 1 (0.450 mmol) with HBF4·Et2O (0.460 mmol) was carried out by the
same procedure as that described for the synthesis of [2][BF4]. Thus complex [3][BF4] was
recovered in 85% yield.

4.3.

Thermal

stability

of

[Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-CαH=Cβ=C(CH3)2][BF4]

([3][BF4]).
Compound [3][BF4] (0.300 g, 0.625 mmol) was dissolved in the appropriate solvent (10 mL)
and heated at reflux temperature for 18 hours. Then the mixture was allowed to cool to room
temperature and filtered through a celite pad. The filtered solution was dried in vacuo, then
the resulting residue was dissolved in CD2Cl2 (0.5 mL) and analyzed by NMR at −40°C.
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a) solvent = CHCl3. NMR analysis: [3][BF4];
b) solvent = CH3CN. NMR analysis: prevalent Fe2Cp2(CO)4, in admixture with non identified
products;
c) solvent = (CH2Cl)2. NMR analysis: [3][BF4], Fe2Cp2(CO)4 and non identified products;
d) solvent = (CH2Cl)2/NHEt2 (0.063 mmol). NMR analysis: [3][BF4], Fe2Cp2(CO)4 and non
identified products.

4.4. Reaction of [Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-CαH=Cβ=C(CH3)2][BF4] ([3][BF4]) with
PhSSPh/NHEt2. Synthesis of [FeCp(CO)2SPh] (7) [12].
A solution of complex [3][BF4] (0.450 g, 0.938 mmol) in CH2Cl2 (20 mL) was treated with
PhSSPh (3.05 mmol) and then with NHEt2 (10.0 mmol). The mixture was stirred at room
temperature for 24 hours. Hence some alumina was added to the mixture, and the volatile
materials were removed under vacuo. The solid residue was charged on alumina pad
previously treated with water (6% H2O p/p). A brown-red band was collected by using
hexane/Et2O (1:1 v/v) as eluent. Compound 7 was obtained as a powder upon removal of the
volatile materials (yield 0.201 g, 75%). IR (CH2Cl2): ν(CO) 2032(s), 1984(vs) cm−1. 1H NMR
(CDCl3) δ 7.55-7.13 (5 H, Ph); 4.96 (s, 5 H, Cp).
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C{1H} NMR (CD2Cl2) δ 213.2 (CO);

143.3, 135.1, 128.2, 124.8 (Ph); 85.5 (Cp).

4.5.

X-ray

characterization

of

[Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-

CαH=Cβ=C(CH3)(CH2CPh3)}][BF4] ([2][BF4]).
Crystal data and collection details for [2][BF4] are reported in Table 2. The diffraction
experiment was carried out on Bruker Apex II diffractometer equipped with a CCD detector
using Mo-Kα radiation. Data were corrected for Lorentz polarization and absorption effects
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(empirical absorption correction SADABS) [23]. The structure was solved by direct method
and refined by full-matrix least-squares based on all data using F2 [24]. All non-hydrogen
atoms were refined with anisotropic displacement parameters. H-atoms were placed in
calculated positions, except H(14) which was located in the Fourier map and the C(14)-H(14)
distance restrained to 0.96 Å (s.u. 0.02) during refinement. H-atoms were treated isotropically
using the 1.2 fold Uiso value of the parent C-atoms, except methyl protons, which were
assigned the 1.5 fold Uiso value of the parent C-atom. Similar U restraints (s.u. 0.01) were
applied to the C and O atoms.

Table 2 about here
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Captions for Tables and Figures
Table 1

Selected bond lengths (Å) and angles (°) for [2]+.

Table 2

Crystal data and experimental details for [2][BF4].

Figure 1

Molecular

structure

of

[Fe2Cp2(CO)2(µ-CO){µ-η1:η2α,β-

CαH=Cβ=Cγ(CH3)(CH2CPh3)}]+ ([2]+), with key atoms labelled. Thermal
ellipsoids are at the 30% probability level. Only the main image of the disordered
Cp bound to Fe(2) is drawn.
Figure 2

DFT-optimized structures of [2a]+ and [2b]+. Hydrogen atoms on Cp and Ph rings
have been omitted for clarity.

Figure 3

Plot of the Fukui’s function f – (r) for complex 1. A coloured version of this image
is available in the Supplementary Materials (Figure S1b).
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TABLE 1

Fe(1)−Fe(2)
C(11)−Fe(1)
C(11)−Fe(2)
C(12)−Fe(1)
C(13)−Fe(2)
C(14)−Fe(1)
C(14)−Fe(2)
C(15)−Fe(1)

2.5953(12)
2.112(7)
1.843(7)
1.769(8)
1.785(8)
2.032(6)
1.950(7)
2.087(7)

C(11)−O(3)
C(12)−O(1)
C(13)−O(2)
C(14)−C(15)
C(15)−C(16)
C(16)−C(17)
C(16)−C(18)
C(18)−C(19)

1.161(9)
1.128(9)
1.118(9)
1.362(9)
1.311(9)
1.497(9)
1.549(8)
1.562(9)

Fe(2)−C(11)−Fe(1)
C(15)−C(14)−Fe(2)
C(15)−C(16)−C(17)
C(17)−C(16)−C(18)

81.7(3)
125.2(5)
125.3(6)
118.6(5)

Fe(2)−C(14)−Fe(1)
C(16)−C(15)−C(14)
C(15)−C(16)−C(18)
C(16)−C(18)−C(19)

81.3(2)
151.4(6)
116.1(5)
115.3(5)
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TABLE 2
Formula
Fw
T, K
λ, Å
Crystal system
Space group
a, Å
b, Å
c, Å
β, ˚
Cell volume, Å3
Z
Dc, g cm−3
µ, mm−1
F(000)
Crystal size, mm
θ limits, °
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness on fit on F2
R1 [I > 2σ(I))
wR2 (all data)
Largest diff. peak and hole, e.Å-3

C37H31BF4Fe2O3
722.13
291(2)
0.71073
Monoclinic
Pc
10.538(2)
9.089(2)
17.114(7)
99.800(3)
1615.5(6)
2
1.485
0.985
740
0.16×0.17×0.11
1.96-25.03
14746
5707 (Rint = 0.0694)
5707 / 255 / 427
1.043
0.0655
0.1692
0.959 / −0.693
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FIGURE 1
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FIGURE 2

23

FIGURE 3
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