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(w-CsH;5)[((CeH5),PCH,),](CH;OCH;,)Fe and (7-CsHs)((CsHs)sP)(CH3;0CH,)Fe(COQ) have been synthesized and their
abilities to transfer CH, to cyclohexene have been examined. The structure of the compound {(w-CsHs)-
[((CsHs);PCH,;),]Fe(NCCH,)}B(C¢Hs),, resulting from the acid treatment of the diphosphine complex has been determined
by single-crystal x-ray diffraction techniques with intensity data gathered at =35 °C. Crystals form as deep red irregular
blocks in monoclinic space group Ce with a = 23.542 (8) A, b=11.494 (3) A, c = 18.774 (4) A, 8 = 112.26 (2) A. The
calculated density of 1.248 g cm™ for four formula weights of {{CsH;)[((C¢Hs),PCH,),]Fe(NCCH;)}B(C¢Hs), per unit
cell agrees with the measured value of 1.24 g cm™. Iron is bonded to the CsHj ring in a symmetric = manner, to the two
phosphorus atoms of the diphosphine ligand—thereby forming a five-membered chelate ring—and to the nitrogen atom
of the CH3CN molecule. The angle at the N atom of the Fe-N-C linkage is 171.9 (5)°. Four of the atoms of the

C-P-Fe-P-C ring are essentially coplanar; one carbon atom lies ~0.7 A from this plane, so that the ring has an envelope
conformation. Full-matrix least-squares refinement of the structure has converged with an R index (on |F]) of 0.059 for
the 4963 symmetry-independent reflections within the Mo Ka shell defined by 4 < 26 < 55° which have I,/a(l;) > 2.0.

Introduction

Although transition-metal-methylene complexes have long
been postulated as reaction intermediates, the first successful
preparation and characterization of such a complex, (-
CsH;),Ta(CH,)(CH,), was not reported until 1975.}% Earlier,
however, considerable evidence for the existence of the
transitory iron—methylene complex 1 had been obtained in
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1

these laboratories.> In an attempt to isolate such a species,
the two CO molecules of 1 were replaced with the chelating
ligand bis(diphenylphosphino)ethane (dppe) in accordance with
Scheme I. Compound 2 was prepared as previously reported.?
It was hoped that the additional electron density (in com-
parison to that of 2) at Fe resulting from its coordination with
the strongly electron-donating /weakly electron-withdrawing
diphosphine ligand* might be transferred to the CH, moiety,
thereby stabilizing cation 4.

Treatment of the orange-red compound 3 with acid, as
shown, gave a very dark solution, which upon addition of ether

Scheme {
i
Fe + PhpPCHaCHaPPh -%s-

CO’C'g “NCH20CH3
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| HBF4 +
thFl’———Te——CHZOCH3 Boone thF" Fe CHgp
H2C H2C
2 SC—PPhy 2 ~C—PPhy
Hg Hz
3 4

afforded a light brown precipitate 5 (subsequently found to
liberate ethylene in both the dissolved and the solid states®).
However, neither the 'H nor the >C NMR spectrum (see
Experimental Section) provided support for the formulation
of the product as 4. Thus, to establish the nature of the
product of these reactions a single-crystal x-ray diffraction
study has been carried out.

In addition to the diphosphine complex 3, the corresponding
(m-cyclopentadienyl)(triphenylphosphine)(methoxymethyl)iron
carbonyl complex 6 was prepared by photolysis of 2 with
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{(-C5H)[((CeHs):PCHy), ] Fe(NCCH,)JB(CeHs),

iriphenylphdsphirie in benzene. The capacity of complexes 2,
3, and 6 to function as cyclopropanating agents has been
studied and will be discussed.

Experimental Section

Infrared Spectra. Infrared spectra were recorded on a Perkin-Elmer
Model 257 grating infrared spectrophotometer. Absorptions are
reported in cm™! and were calibrated against the 1601- and 1583- cm!
bands of polystyrene. -

Nuclear Magnetic Resonance Spectra. Proton NMR spectra were
recorded on a Perkin-Elmer R-12 NMR spectrophotometer, Me,Si
was used as an internal standard. Resonances are reported in 7 units.

Elemental Analyses. Mlcroanalyses were performed by Chemalytics,
Inc., Tempe, Ariz."

Meltmg Points. Melting pomts were measured with a Fisher-Johns

melting point apparatus and are uncorrected for stem exposure.’
. Preparation of (w-CsH;s)(dppe)(CH;OCH,)Fe, 3. A solution of
17.793 g (0.0477 mol) of 1,2-bis(diphenylphosphino)ethane (Strem
Chemical Co.), 10.030 g (0.0452 mol) of (w-cyclopentadienyl)-
(methoxymethyl)iron dicarbonyl, 2, bp 90.5-91.5-°C (4 mm), prepared
by. the method of Jolly and Pettit,’ and 210 mL of reagent grade
benzene was photolyzed for 8 h with a high-pressure 450-W Hanovia
lamp. The reaction solution was cooled in an ice bath and argon was
flushed through the system throughout the photolysis.

The solvent was removed successively on a rotoevaporator and a
high-vacuum pump to afford 26.80 g of a red solid. Two recrys-
tallizations from benzene and Skelly B afforded fine orange-red
crystals, mp 150 °C (dec), in 19% yield (4.738 g). Infrared spectrum
(CDCl3): 3060 (s), 2920-2800 (s), 1960 (w), 1890 (w) 1805 (w),
1590 (w), 1480 (s), 1433 (vs), 1060 (vs) cm™. 'H nuclear magnetic
resonance spectrum (CDCl3): 7 2.70 (m, 20), 6.08 (t), 6.20 (m, 7),
7.87 (s), 7.80 (broad, 7). Anal. Caled for C3;H3,FeOP,: - C, 70.21;
H, 6.08; P, 10.97. Found: C, 69.78; H, 6.01; P, 10.96. * .

Preparation of (r-CsHs) ((C¢Hs),P)(CH;0CH,)Fe(CO), 6. The
same procedure as used for the synthesis of 3 was used here, A solution
of 6.067 g (0.0273 mel) of (x-CsH;)(CHj OCHZ)Fe(CO) 2,7.172
g (0:0273 mol) of freshly recrystallized trlphenylphosphme, and 225
mL of reagent grade benzene was photolyzed for 2.5 h. Removal of
the solvent and recrystallization of the crude product from acetone
afforded 5.209 g (42%) of orange needles, mp 150-152 °C, Infrared
spectrum (CHCl3): 1900 (vs), 1094 (s), 1050 (s) cm™." 'H nucLear
magnetic resonance spectrum (benzene-dg): 7 2.35 (m), 2.88 {m, 15),
5.35 (m), 5.70 (m, 2), 5.65 (d, 5), 6.90 (s, 3). Anal. Calcd for
CyH,sFeO,P: C, 68.42; H, 5.53; P, 6.79. Found: C, 68. 25 H, 5 44;
P, 6.60.

Preparation of [(1r-C5H5)(dppe)Fe(NCCH3)]B(C6H5)4, 7. Ina
50-mL round-bottom flask was placed a magnetic stirring bar, 1.002
g (0.001 77 mol) of complex 3, and 16 mL of acetic anhydride. Upon
addition of a cold solution of 0.00286 mol of HBF, in 10 mL of acetic
anhydride to this ice-bath-cooled, argon-saturated slurry, complex
3 dissolved. This dark solution was stirred for 11 min in ‘an ice bath
and then poured into 300 mL of anhydrous ether. The ether was
decanted from the resulting precipitate, which was then washed 4 times
with 250-mL portions of anhydrous ether.. Approximatély 1 g of a
light brown solid (5) was isolated. The brown solid was dissolved in
‘about 30 mL of acetonitrile and filtered: After two unsuccessful
recrystallization attempts, the BF,~ ions of the recovered red, glasslike
material were exchanged in anhydrous methanol for B(C4Hjs)4~ ions.
The resulting orange-red crystals (0.427 g, mp 190 °C (dec)) were
then washed with methanol. Deep red irregular blocky crystals,
suitable for single-crystal work, were subsequently grown from acetone
by slowly cooling a warm (50 °C), concentrated solution to room
temperature. Infrared spectrum (CH,Cly): 2980 (s), 2300 (w), 2270
(w), 1950 (w), 1880 (w), 1810 (w), 1580 (s), 1420 (s), 1243 (m),
1100 (s), 1043 (m), 850 (m) cm~’. 'H nuclear magnetic resonance
spectrum (acetone-dg): 7 2.10 (m), 2.48 (m), 3.15 (m, 40), 5:60 (t,
5),7.38 (m), 7.60 (m, 4), 8.60 (m, 3). 3C nuclear magnetic resonance
spectrum (acetone-dg): 8 79.7 (CsHs); 133.7, 133.5, 132.5, 132.3,
131.5, 131.2, 129.9 (C¢H;s). Anal. Caled for Cs;Hs;BFeNP,: C,
77.81; H, 5.97; P, 7.04. Found: C, 77.57; H, 6.24; P, 6.32.

Further experimentation revealed that upon dissolution of the brown
solid 5 in polar solvents such as methylene chloride, nitromethane,
methanol, acetone, or acetonitrile, red to yellow solutions were formed
which evolved ethylene. It was also noted that the undissolved brown
solid liberated ethylene, even at temperatures as low as =25 °C, and
that it failed to react with cyclohexene, ethyl vinyl ether, dimethyl
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Table I. Experlmental Summary for
[(C Hs)(dppe)Fe(NCCHa)]B(csH )s

Crystal Data at —35 °C®

a A 23.542 (8) Systematic hkl, h + k=
b, A 11.494 (3) absences 2n +1
¢ A 18.774 (4) hol, 1=
B, deg 112.26-(2) 2n + 1
V, A® . 4702 (5) 0k0, k =
dmeasd, gCm™  1.24 : 2n +1
(flotation, Crystal Monoclinic
aq ZnCl,) system
degled, 8 c™? 1.248 Space Cc (No. 9) or
z . 4 group CZ/c (No.
F(000), 1848 15)°
electrons Fw 879.70
Empirical Cy,H,BFe-
formula NP,

Data Collection at — 35 °cd

Radiation (Mo Ka), A 0.71069

Mode - w scan

Scan range Symmetncally over 1.0° about
Ka, , maximum

Background Offset 1.0 and — 1.0° in w from

Ka, , maximum

Constant for 4 < 26 < 35°,
3.0; variable for 35 < 26 <
55°,1.5-5.0

4 remeasured after every 96
reflections; analysisC of
these data indicated only
random fluctuation in in-
tensrty for data crystal
with all correction factors
less than 0.30

Scan rate, deg min-!

Check reflections

20 range, deg 4,0-55.0
Octants of reciprocal space  hkl, hkl
examined

Total reflections measured 5385
Data crystal dimensions, 0.31 x 0.50 x 0.54
mm.
Data crystal vol, mm?* 0.087 _
Data crystal faces (111_),_(111), (111),
1D, d1n, (A1), (100),
(101), (112), (112), two
e other minor faces
Absorption coeff 4.38
(Mo Ka), cm™t
Transmission factor
range

0.84-0.89

* @ Unit cell parameters were obtained by least-squares refine-
ment of the setting angles of 43 reflections with 24 < 26 < 32°.
Shown by successful refinément to be Cc (see text). ¢W. H.

Henslee and R, E. Dayis, Acta Crystallogr., Sect. B, 31, 1511
(1975). 9 Syntex P2, autodiffractometer equipped w1th
graphite monochromator and Syntex LT-1 inert-gas low-tem-
perature delivery system.

fumarate, or p-methoxystyrene, suggesting that it probably does not
contain the methylene group.
* Cyclopropanatior Reactions. Cyclopropanatlon experiments were
conducted by the procedure of Jolly and Pettit.> An acgtone solution
of the iron complex and cyclohexene was treated under argon with
a solution of HBF,. Norcarane yields were determined by gas-
chromatographic analysis of the solution on 3% SE-30. In some
experiments, the product was further characterized by comparison
of its mass spectrum to that of authentic norcarane. )
Crystallographic Analysis. A single crystal of the unknown species
obtained from the acidification of 3 was affixed to a glass fiber and
then transferred to a Syntex P2, diffractometer, where it was
maintained in a stream of cold (=35 ¢C), dry nitrogen during the course
of all diffraction experiments. Preliminary examination of the crystal
indicated the monoclinic symmetry of space group Ce (No. 9) or C2/c¢
(No. 15). Crystal data and x-ray diffraction data collection details
are summarized in Table I. Processing of the diffraction data (with
p = 0.02) was carried out as previously delineated.
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Table 11
a. Fractional Coordinates and Anisotropic Thermal Parameters (X 10%) for Nongroup Nonhydrogen Atoms of
[(C;H,)(dppe)Fe(NCCH,)|B(C,H,),°
Atom x y Z U, U Uss Uy, Ui Uy
Feb 0.18650 (6) 259 (3) 268 (3) 307 (3) 27 (4) 91 (3) -29(3)
P(1)® —0.09089 (7) 0.21390(11) 0.00569 (9) 269 (6) 256 (6) 344 (7) 19 (8) 105 (5) 4 (5
P(2)? —0.00007 (7) 0.37394 (12) ~0.02223 (8) 271(6) 293 (N 298 (6) -26 (5) 86 (5) -21(5
N 0.0431 (2) 0.2278 (4) 0.1035 (3) 32(2) 40 (3) 31(2) 1(2) 10 (2) 2(2)
B 0.1900 (3) —0.0719 (5) 0.3197 (3) 33 (3) 32 (3) 30 (3) 2(2) 10 (2) 1(2)
C() 0.0261 (3) 0.1416 (6) ~0.0906 (4) 50 (4) 46 (4) 46 (3) 6 (3) 25(3) -9(3)
CQ) 0.0729 (3) 0.1091 (6) -0.0211 (4) 36 (3) 52(4) 54 (4) 8 (3) 22 (3) -12(3)
C(3) 0.0479 (4) 0.0269 (6) 0.0156 (4) 70 (85) 46 (4) 49 (4) 25 (3) 27 (3) 5(3)
C4) —0.0146 (3) 0.0098 (6) ~0.0312 (5) 59(5) 29 (3) 77 (5) 2(3) 33(4) ~11(3)
C(5) ~0.0284 (3) 0.0815 (6) ~0.0973 (4) 42 (3) 44 (4) 56 (4) 0(@3) 17 (3) -24 (3)
C(6) ~0.1104 (3) 0.3708 (5) ~0.0066 (4) 33(3) 29 (3) 43 (3) 8 (2) 16 (3) 12)
C(hH —0.0501 (3) 0.4400 (5) 0.0221 (3) 37(3) 27 (3) 40 (3) 1(2) 17 (2) -1(2)
C(8) 0.0673 (3) 0.2660 (6) 0.1633 (4) 66 (4) 55 (4) 42 (4) =18 (3) 27 (3) -1(3)
C(9) 0.1009 (4) 0.3128(7) 0.2382 (4) 74 (5) 57 (4) 42 (3) 3(4) 13(3) 0(3)
b. Fractional Coordinates and Isotropic Thermal Parameters (A?) for Nongroup Hydrogen Atoms of
[(C,H,)(dppe)Fe(NCCH,)]B(C,H,) 2
Atom¢ x y z U, A*? Atom® x y z U, A*
H(1) 0.033 (3) 0.196 (6) —0.124 (4) 0.05 (2) H(6,2) ~0.131(2) 0.393 (5) 0.022 (3) 0.02 (1)
H(2) 0.108 (3) 0.134 (5) -0.010 4) 0.04 (2) H(7,1) -0.030 (2) 0.432 (5) 0.075 (3) 0.02 (1)
H(3) 0.067 (3) —-0.005 (6) 0.062 (4) 0.04 (2) H(7,2) ~0.052 (3) 0.528 (6) 0.009 (4) 0.06 (2)
H(4) —0.049 (5) —0.045 (8) -=0.026 (5) 0.11 (3) H(9,1)¢ 0.073 0.328 0.265 0.08
H(S) -0.069 (3) 0.106 (6) —0.149 (4) 0.05 (2) H(9,2)¢ 0.120 0.385 0.233 0.08
H(6,1) -0.131(2) 0.384 (5) ~0.054 (3) 0.02 (1) H(9,3)¢ 0.132 0.261 0.267 0.08
c. Group Parameters for [(C,H,)(dppe)Fe(NCCH,)IB(CH,),°

Group? X, Yo Z, ] 0 P

Ph(l) —-0.1560 (2) 0.1376 (3) —-0.0674 (2) —0.903 (3) -2.636 (2) 0.873 (3)

Ph(2)* ~0.1002 (2) 0.1719 (3) 0.0957 (2) —-1.678 (5) 2.073 (2) 0.934 (5)

Ph(3) ~0.0316 (2) 0.4333 (3) ~0.1203 (2) -2.273(3) -2.225(3) -0.199 (4)

Ph(4) 0.0736 (1) 0.4473 (4) 0.0218 (2) 1.985 (3) 3.033(3) 0.822 (3)

Ph(5)* 0.2046 (2) -0.0349 (3) 0.2416 (2) 0.406 (7) -1.941(2) -1.082 (7)

Ph(6) 0.2546 (1) —0.1296 (3) 0.3862 (2) 1.133 (3) 2.688 (2) 1.858 (3)

Ph(7) 0.1690 (2) 0.0437 (3) 0.3599 (2) -2.849 (2) 2.545 (2) 0.0936 (3)

Ph(8) 0.1326 (2) -0.1702 (3) 0.2886 (2) -0.862 (2) —3.040 (3) 0.569 (3)

@ See Figure 1 for identity of the atoms. Numbers in parentheses throughout the tables are estimated standard deviations in the units
of the last significant digits for the corresponding parameter. The Uj; are the mean-square amplitudes of vibration in A from the general
temperature factor expression exp [~ 2n* (U, a%a*? + U, k*b*? + U,,l%c*? + 2U ,hka*b* + 2U ,hla*c* + 2U ,klb*c*)]. b For the Fe and
P atoms the anisotropic thermal parameters are given X 10*. ¢ The sequence number of a hydrogen atom corresponds to that of the carbon
atom to which it is bound. ¢ A description of these group parameters is provided elsewhere.'®> Angular coordinates are in radians. The
internal coordinate system of a phenyl ring has been defined previously.'* Groups marked with an asterisk were refined in accordance with
ref 14 to avoid singularity of the transformation matrix.!®> ¢ Hydrogen atom parameters of methyl carbon C(9) were not refined, as dis-

cussed in ref 8.

Solution and Refinement of the Structure. Because the density of
these crystals (see Table I) indicated four formula weights of compound
per unit cell and since the desired methylene species 4 (or the
subsequently determined CH;CN complex 7) cannot possess either
C; or C, symmetry as required for four molecules per unit cell in space
group C2/c, the noncentrosymmetric space group Ce was assumed
to be correct. Satisfactory refinement of the structure in this space
group has corroborated this choice.

The positions of the iron and phosphorus atoms were located from
a sharpened Patterson map, and the positions of the remaining
nonhydrogen atoms were then located from successive electron density
and difference electron density maps. At this point it was clear that
the cation structure was not that of the desired methylene complex
4 but was probably that of 7, a cationic Fe complex containing a
coordinated CH;CN molecule.

T
PheP = Fe ——NCCH3
HaoC
SC—PPh
Ha
;

Following full-matrix least-squares refinement of these atomic
positions, the hydrogen atomic positions were located from a difference
electron density map. Continued least-squares refinement of a2 model

structure using the 4963 reflections with I,/ a(I,) > 2.0, in which phenyl
rings were treated as rigid groups of Dg, symmetry,” nongroup

* nonhydrogen atoms ultimately as anisotropic thermal ellipsoids and
nongroup hydrogen atoms® as isotropic atoms converged with R =
TIIE| - [Fdl/ SIF| = 0.060 and R, = [Zw(|Fo| - |F)2/ TwiFy]1/2
= 0.064. The function minimized in refinement is. 3 w(|F,| ~ |F|)?,
where the weight w is o(}F,|)2, the standard deviation of each ob-
servation |F,|. Neutral-atom scattering factors for Fe, P, N, C, B'®
and H!! were used in these calculations, and to this juncture only the
real component (Af”) of the anomalous scattering correction'® had
been applied to the Fe and P scattering curves.

To determine whether the proper enantiomorph (for this particular
crystal) had been selected in this model, refinement was continued
with the application of the imaginary components (Af”) of anomalous
scattering to the iron and phosphorus scattering curves; at convergence
R =0.059 and R,, = 0.064. Reversal of thesigns of Af” for Fe and
P, followed by additional cycles of refinement—the computational
equivalent of refinement of the opposite enantiomorph~—commencing
with the atomic parameters obtained prior to the inclusion of the Af”
effects, caused convergence with R = 0.061 and R,, = 0.066. Since
these values were significantly higher than those obtained from the
refinement of the initial model, the first model had to be the correct
enantiomorph, and accordingly, the atomic and group coordinates
presented in Table II are those of the original model. The standard
deviation of an observation of unit weight, [ w(||Fo| — |Fe)?/(m -
5)]172, is 3.32 for m = 4963 observations (|F,|) and s = 329 variables.
At the conclusion of refinement a structure-factor calculation using
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Figure 1. Stereoview of the [(CsH;)(dppe)Fe(NCCHS,)]* ion, illustrating the atom nﬁmbering scheme. Nonhydrogen atoms are shown as
ellipsoids of 30% probability and hydrogen atoms as sphere of radius 0.1 A,

all 5385 reflections measured during data collection gave R and R,,
values of 0.065 and 0.064, respectively. Examination of the data
showed no evidence of secondary extinction.

-In the final cycle of least-squares refinement, the parameter
shift/parameter esd ratios were less than 0.16 for nongroup non-
hydrogen positional parameters, less than 0.34 for nongroup non-
hydrogen thermal parameters, less than 0.30 for nongroup hydrogen
parameters, and less than 0.48 for all rigid-group parameters, A final
difference Fourier map showed several small peaks, all less than 0.7
¢ A3, all of which were associated with phenyl rings. For comparison,
the heights of typical carbon and hydrogen atoms from previous Fourier
maps were 2.4-3.5 and 0.3-0.5 e A3, respectively.

A listing of the principal computer programs used in this work is
provided elsewhere.®* Nongroup atomic positional and thermal pa-
rameters and rigid-group parameters with corresponding standard
deviations; as estimated from the least-squares inverse matrix, are
presented in Table II. Fractional crystallographic coordinates and
isotropic thermal parameters (with standard deviations) for group
atoms and a tabulation of observed and calculated structure factor
amplitudes are available.!

Discussion

Description of the Structure. As mentioned above, this
structural analysis has revealed that the unknown cationic
complex isolated from the reaction sequence outlined in the
Introduction is not methylene complex 4 but is instead ace-
tonitrile complex 7. The cation is composed of an Fe atom
bonded to a CsH, ring in a symmetric = manner, to the two
phosphorus atoms of the dppe. ligand (thereby forming a
five-membered chelate ring), and to the nitrogen atom of a
CH;CN molecule. The crystal structure consists of well-
separated [(CsH;)(dppe) Fe(NCCH,)}* and B(C4Hs)4~ ions
with no unusual interionic contacts.

Figure | is a stereoview of the [(CsHs)(dppe)Fe(NCCH,)]*
ion and illustrates the atom numbering scheme used herein;
a stereoview of the packing of the ions in the crystal is given
in Figure 2. Selected interatomic distances and angles are
presented in Tables I1T and IV. Features of the coordination
geometry of [(CsHs)(dppe) Fe(NCCH,)] ™" are normal and, as
shown in Table V, are in good agreement with structural
aspects.of related complexes.

From Table VI it is clear that the C-P-Fe~P-C chelate
ring exhibits an envelope conformation; i.e., the atoms Fe, P(1),
P(2), and C(6) are essentially coplanar, while atom C(7)—the
“flap atom” of the envelope—Tlies more than 0.7 A from this
plane. As shown in Figure 1, the nonplanarity of this con-

formation diminishes the contacts between the chelate-ring’

phenyl groups and the acetonitrile and cyclopentadienyl
ligands. Table VII compares the torsion angles of the chelate
ring in [(CsHs)(dppe) Fe(NCCH3)]* to those of some other
metal-dppe complexes. With the exception of the values for
the Re and Pd complexes (which possess virtually ideal
half-chair conformations) these angles are similar, and this,
in conjunction with the additional torsion angle data for
metal-diphosphine complexes provided elsewhere,? suggests

. Table IIl. Bond Lengths (A) for

[(CH,)(dppe)Fe(NCCH,)|B(C,H,),*

Fe~P(1) 2,206 (2) C(6)-C(7) 1.535(9)
Fe-P(2) © 2195 (1) C(8)-N 1.139 (9
Fe~C(1) 2.080 (7) C(8)-C(9) 1.431 (10)
Fe~C(2) 2.100 (7) C(1)-H(1) 0.94 (7)
Fe~C(3) 2.115 (8) C(2)~H(2) 0.83 (7
Fe-C(4) 2.106 (6) C(3)-H(3) 0.8%9 (7)
Fe-C(5) 2.078 (7 C4)-H(4) 1.05 (10)
Fe-N 1.881(5)  C(5)-H(S5) 1.11 (7
P(1)-C(6) 1.854 (6) C(6)-H(6,1) 0.85 (6)
P(1)-C(11)*  1.846 (4) C(6)-H(6,2) 0.90 (6)
P(-C21*  1.850(4) C(7)-H(7,1) 0.93 (6)
P(2)-C(7) 1.845 (6) C(7)-H(7,2) 1.04 (7)
P(2)-C(31)*  1.837 (4) C(O-H®H,1)®  0.98.
P(Q)-C(41)* 1.821(4) C(9)-H(9,2)? 097
C(1)-C(2) 1.403 (10)  C(9)-H(9,3)> 0.94
C(2)~C(3) 1.423 (10) B-C(11)* 1.683 (7)
C(3)-C4) 1413 (12)  B~C(21)* 1.696 (7)
C(4)-C(S) 1.420 (11) B-CQ@3D)* 1.693(7)
C(5)=C(1) 1.421 (10) B-CHEL* 1.687 (7)

@ Numbers in parentheses are the estimated standard devia-
tions in the last significant digits. See Figure 1 for identity
of the atoms. Atoms marked with asterisks are rigid-group atoms.
b The C-H distances of methyl carbon C(9) are unrefined values,
as stated in the text. .

Table IV. Bond Angles (deg) for
[(CSHS)(dppe)Fe(NCCHg)]B(C6H5)4°

P(1)-Fe~P(2) 86.5 (1) C(31)*-P(2)-C(41)* 103.7 (2)

P(1)-Fe-N 93.9 (2) P(1)~C(6)-C(7) 108.0 (4)
P(2)-Fe-N 84.8 (2) P(2)-C(NH-C(6) 106.9 (4)
Fe-P(1)-C(6) 109.4 (2) C(5)~C(1)~C(2) 108.5 (6)
Fe~P(1)-C(11)* 116.4 (1) C(1)~C(2)-C(3) 107.7 (6)
Fe-P(1)-C(21)* 117.4 (1) C(2)-C(3)~C(4) 108.3 (7)
C(6)-P(1)-C(11)*  105.9 (2) C(3)~C(4)-C(5) 107.7 (6)
C(6)-P(1)-C(21)*  105.0(3) CM#-C(5)-C(1) 107.7 (6)
C(1D*-P()-C21)* 101.7 (2) N-C(8)-C(9) 176.9 (8)
Fe~P(2)-C(7) 105.8 (2) C(51)*-B-C(61)* 108.5 (4)
Fe-P(2)-C(31)* 121.8(1) C(51)*~B-C(71)* 112.4 (4)
Fe~P(2)-C(41)* 115.9(1) C(51)*-B-C(81)* 108.2 (4)
Fe~N-C(8) 171,9 (5) C(61)*-B-C(71)* 105.6 (4)
C(NH~P(2)-C(31)* 1054 (2) C(61)*-B-C(81)* 111.7 (4)
C(7)-P(2)-C(41)* 1024 (2) C(71)*-B-C(81)* 110.4 (4)

@ Numbers in parentheses are the estimated standard deviations
in the last significant digits. See Figure 1 for identity of the .
atoms. Angles involving hydrogen atoms vary as follows:
P-C-H, 106 (4)-112 (3)°; C-C~-H (C,H,), 114 (4)-138 (4)°;
C-C-H (dppe), 107 (4)-118 (4)°; H-C-H, 108 (5) and 111 (5)°.
Atoms marked with asterisks are rigid-group atoms.

that the envelope conformation with carbon at the “flap” may
be preferred. ‘

Few structural characterizations of the M—NCCHj; linkage
are available for comparison to that in [(CsHs)(dppe)Fe-
(NCCH3)]*. A summary of much of this data is given in
Table VIII. It might be expected that the CH;CN ligand
would accept electron density from the metal much like CO
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Table V. Some Mean Distances (A) in Selected Fe Complexes®

Riley, Capshew, Pettit, and Davis

Fe-cp
Compd Fe-C(cp) centroid Fe-P C-C(cp) P-C Ref
[(C,H,)(dppe)Fe(NCCH,)]* 2.096 (17) 1,715 (1) 2.200 (6) 1.416 (8) 1.842 (11) This work
[(C,H,)(dppe)Fe(CO)]* 2.094 (7) 1.717 (1) 2.210 () 1.408 (7) 1.833 (1) 15
(C,H,)(dppe)FeMgBr(C,H,0), 2.093 (20) 1.700 (1) 2.107 (1) 1.437 (56) 1.897 (27) 16
(d_ppm)Fe(CO),b ' 2.217 (8) 1.851 (74) 17
((C,H,),PCCP(CH,),C,F ,CF )Fe(NO), 2.244 (4) 1.827 (14) 18

4 Numbers in parentheses are the estimated standard deviations in the last significant digits. A mean distance is given by X= =" X;/n,

and its standard deviation by [Z(X; - -X)?/(n—
dppm is an abbrev1at10n for the [(C H,),PCH,P(CH,),] ligand,

Table VI, Selected Mean Planes®
Dev from Deyv from
Atom planes,? A Atom planes,® A

—0.0693X-0.1712Y - 0.9828Z + 0.3670=0

> 0.004 (7) H(1) —-0.01 (M
C(2)* —0.003 (7) H(2) 0.06 (6)
C(3)* 0.001 (8) H(3) -0.05 (7)
C4)* 0.001 (7) H(4) 0.03 (10)
(s> —0.003 {7) H(5) —-0.06 (7)
Fe -1.715 (1)
0.4682X ~0.7461Y ~ 0.4735Z - 0.1154 =0
Fe* 0 C(6) —~0.073 (6)
P(L)* 0 c(n —0.784 (6)
P(2)* 0
—0.0851X - 0.1555Y - 0.9842Z + 0.3155=0
Fe* —-0.0179 (1) C(6)* —~0.017 (6)
P(1)* 0.022 (1) (¢ )) ~0.736 (6)
P(2)* 0.014 (1)

@ Orthonormal (A) coordinate system with axes X, Y, and
Z parallel to unit cell vectors a, b, and ¢*, Coordinates of
atoms marked with asterisks were used to define the planes.

b Numbers in parentheses are the estimated standard deviations
in the last significant digits. A negative deviation from the
plane indicates that the atom with coordinates glven in Table II
lies between the plane and the origin.

and other simple unsaturated ligands which possess available
empty = orbitals. However, as shown by crystallographic®

1)]*/2, where 7 is the number of observations X;.

cp is an abbreviation for the C,H, ring.

and (IR) spectroscopic®®*! studies, the N—C bond is apparently
strengthened upon coordination through the N atom rather
than weakened as in conventional metal carbonyl complexes.
This is illustrated by an increase in the N-C stretching
frequency by as much as 80 em™' 3! (see Table IX) and by a
decrease of ~0.02 A in the N~C bond lengths in X;B-
(NCCH;), X = F or C1.2® In [(CsH;){(dppe)Fe(NCCH;)]™,
the N-C stretching frequency has increased by 10 cm™ (see
Table IX), in agreement with this phenomenon.

The M-N-C bond angle (172°) in [(CsHs)(dppe)Fe-
(NCCHj;)]* deviates significantly from 180°, as do the
analogous angles for most of the other M—NCCHj; complexes
in Table VIII. The closest approaches to methyl carbon C(9)
are.made by B(C4Hs),™ hydrogen atoms at distances of 3.10
(1) and '3.25 (1) A. Since the accepted values for the van der
Waals radii of a CH; group and an H atom are 2.0*? and 1.0
A, respectively, the nonlinearity of the Fe-N-C moiety is
probably not due to steric effects but rather, as suggested
previously,” to the use of orbitals of partial sp® character by
the donoér nitrogen atom.

Reactivity of Methylene Complexes. A broad spectrum in

. the chemical reactivity of the [(CsHs)(CO),Fe(CH,)]1* (1),

[(CsHs)((C4Hs);P)(CO)Fe(CH,)]* (8) (the methylene-
containing complex obtained by treatment of 6 with HBF,),
and [(CsH;)(dppe)Fe(CH,)]1" (4) ions has been discovered.
Stepwise substitution of phosphine ligands for the coordinated
carbon monoxide molecules produces unexpected and unusual
chemical activity in the resulting iron-methylene complexes.

Table VII. Torsion Angles (deg) about Bonds in Some C-P-M~P-C Complexes?

Complex 7(M-P) (P-C) (C-0) 7(C-P) (P-M) Ref
[(CsH,)(dppe)Fe(NCCH,)] -24 -21.5 484 - ~50.3 26.2 This work
[(C,H,)(dppe)Fe(CO)]* ~4.7 -22.3 42.8 -45.2 25.1 15
(C, H )(dppe)FeMgBr(C H,0), -6.9 -11.1 25.4 -32.7 20.9 16
[(dppe)zlr‘(CNCH3)]*‘ 2.1 -29.4 47.6 ~43.7 19.6 19

‘ -8.5 39.5 -53.6 46.0 -17.5 19
[(dppe),Ru(NO)]* 3.6 26 -48 49 ~26 21
' 5.2 25 —49 53 ~29 21
[(dppe)(P(C,H,),),ReH,] 14 —45 55 ~46 14 22
(dppe)PdCl, -11.4 39.3 ~50.1 40.7 -13.0 23
2 M represents the appropriate transmon metal.
Table VIII. Dimensions of Some Coordinated CH,CN Ligands®
: - M-N-C,P
Compd N-C, A C-CH,, A deg Ref
[(C,H)(dppe)Fe(NCCH,)I 1.139 9) 1.431 (10) 171.9 (5) This work
Cu,Cl,(CH,CN), 1.134 1.480 159 24
Cu,CL,(CH,CN), 1.17 (3) 145@) 165 4) 24
[ReBr,O(CH,CN)}- 1.22(8) 1.46 (1) 170 (4) 25
((C,H,0C(0)CH),),Ni(CH,CN) 1.129 (6) 1.46 (1) 178 (8) 26
((C,H,0C(0)CH),),Co(CH,CN), 1.13 (D) 1.49 (1) 1714 (3) 27
1.14 (1) 1.47 (1) 167.8 (2) 27
F,B(CH,CN) 1.135(5) 1.439 (§5) 28
C1,B(CH,CN) 1.122(7) 1.437(8) 28
CH,CN*® 1.157 1.458 180 29

@ Numbers in parentheses are the estimated standard deviétions, if available, in the last significant digits.

b M represents the appropriate

transition metal. ¢ These dimensions of molecular CH,CN were obtained from microwave spectroscopy.
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Figure 2, Stereoview of the immediate environment of a [(C5H5)(d;K)e)Fe(NCCHQ]+ ion. The closest approaches are made by four B(C¢Hs)4~
ions, as shown, at nonhydrogen atom contact distances of 3.5-3.6 A. The next closest approaches (not shown) to the cation are made by two
other cations at distances of 3.65 A and then by another anion and two more cations at distances of 3.75 A. Atoms are shown as ellipsoids

of 10% probability; hydrogen atoms have been omitted for clarity.

Table X, Infrared Stretching Frequencies (cm™) of the
Carbon-Nitrogen Triple Bond of Some Acetonitrile Complexes

Complex Freq Medium Ref
[(C H,)(dppe)Fe(NCCH,)]* 2270 CH,Cl, This work
[(C{H)WC H0),P),- 2271 Mull 34
Fe(NCCH,C)I*
[(C;H)((C H;0);P),- 2278 Mull 34
Fe(NCCH,CH,CD)J*

cis-[((C4H)(CH,),P)(CO),- 2296 Nujol 35
Mn(NCCH,)]*

(CO)Cr(NCCH,) 2285 Hexane 36

(CO);W(NCCH,) 2347 KBr 37

2282 Hexane 36

2292 Nujol 36

((C4H,)3P), (H)Co- 2210 38
(NCCH,)
[ReB:rO (NCCH,)]- 2280 Nujol 39
F,BNCCH, 2359 30
CH,CN 2260 CH,Cl, This work, 36

It was previously reported? that when dicarbonyl complex
2 and cyclohexene are treated with HBF, in acétone at 0 °C,
norcarane is formed in 46% yield. Similar treatment of di-
phosphine complex 3 at room temperature failed to produce
norcarane. When this reaction was carried out at —78 °C and
the reaction mixture was then allowed to warm to room
temperature, norcarane was detected, but only in 1.6% yield.
However, if this reaction is conducted in acetic anhydride at
~20 °C, the yield of norcarane is increased substantially, to
23%. When the same reaction is carried out with tri-
phenylphosphine—carbonyl complex 6 at room temperature,
norcarane is formed in 11% yield. But when this reaction is

performed above —~78 °C (but below room temperature), '

norcarane is produced in 63% yield. Thus, the production of
norcarane with these complexes apparently is a function of
solvent, temperature, and coordination environment of iron.

In particular, the data for complex 6 clearly demonstrate the .
crucial dependence of norcarane formation on.temperature. . -

The methylene complexes [(CsHs)(CO),Fe(CH,)1* (1),
[(CsH;5)((C4Hs);P)(CO)Fe(CHy)]* (8), and [(CsHs)-
(dppe)Fe(CH,)]* (4) all tend to form ethylene. Earlier? it
was reported that the [(CsH;)(CO),Fe(C,H )]t complex, 9,

o>

;1»
Lre CHz
cod
co CH2
9

was formed only in the absence of cyclohexene. Apparently
cyclohexene is readily attacked by methylene complex 1 and
the coupling of 1 to form ethylene complex 9 is not a sig-
nificantly competitive reaction. Although the formation of
ethylene from triphenylphosphine complex 8 may be sup-
pressed by conducting the reaction at low temperatures, the
liberation of ethylene by diphosphine complex 4 was not
suppressed either by the reaction conditions described above
or by isolation as brown solid 5.
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The synthesis of the compounds MoO(S,CSR),, R = i-C;H; and 1-C4H,, is reported. The electronic, IR, and proton NMR
spectra are discussed and compared to those obtained for the parent dimers [M0,03(S,CSR),]. The molecular structure
of MoO(S,CS-i-C3H,), was revealed in a single-crystal x-ray diffraction study. The compound crystallizes in the triclinic
crystal system, space group PI, witha =6.14 (1) A, b = 1024 (1) A, ¢ = 12.924 (8) A, o = 109.71 (1)°, 8 = 93.25 (1)°,
and v = 99.80 (1)°, giving a density of 1.76 g cm™ on the basis of two molecules per unit cell, in agreement with the measured
density of 1.74 (2) g cm™. The structure was solved using 1450 independent, statistically significant reflections coliected
on a full-circle automated diffractometer. The structure was solved by the usual Patterson and Fourier series methods
to give a final value of the discrepency factor R, of 0.059. The molecule is a pseudo-square-pyramidal monomer with two
distinct ligand coordination types: one thioxanthate group exhibits the usual bidentate geometry, with Mo-S distances
of 2.438 (4) and 2.454 (5) A and a chelate ring angle S~Mo-S of 72.2 (1)°, while the second thioxanthate group displays
unusual nonclassic coordination, with the Mo significantly displaced from the S,CS plane such that the Mo—central carbon
bond distance is 2.25 (1) A and the Mo-S distances are 2.375 (5) and 2.365 (4) A, with a chelate ring angle S~-Mo-S
of 77.9 (2) A. The oxo group completes the coordination about the Mo atom [Mo~O distance 1.66 (1) A] which is displaced
0.86 A from the plane generated by the four sulfur donors toward this approximately apical oxygen. Voltammetric studies
of the monomers indicate an irreversible oxidation and a quasi-reversible reduction as the major electrode processes. Comparison
of the voltammetric behavior of the monomers with that of the dimer complexes [M0,03(S;CSR),] establishes the importance
of dimer disproportionation into monomeric species in determining the overall electrochemical characteristics of these complexes.
Oxidation-reduction mechanisms are proposed on the bases of these electrochemical studies, spectroscopic measurements,
and isolation of electrode reaction products.

Introduction

The coordination chemistry of molybdenum in the higher
oxidation states (IV-VI) continues to draw a growing interest,
in view of the possible relevance of these complexes to the
redox-active molybdoenzymes.! In particular, the nitrogenase
iron-molybdenum protein component from a number of
bacterial sources>™ contains two molybdenum atoms per mole
of enzyme. It has been proposed that the two molybdenum
atoms are present at this enzyme-active site and function in
a concerted fashion in the catalytic process.® The vital im-
portance of molybdenum to the function of these enzymes and
the speculation of a dimeric metal site involving coordination
to sulfur-donor ligands have prompted a number of chemi-
cal,’7 electrochemical,® and structural studies®2¢ of molyb-
denum-oxo complexes enjoying some degree of coordination
to sulfur-containing ligands. The chemical and structural
aspects of the molybdenum dithiocarbamates have been ex-
tensively investigated, and the interrelationship of the dimeric
and monomeric species has been established. The chemical®®
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and electrochemical® behavior of these complexes is dictated
by the disproportionation of the molybdenum(V) dimer into
monomeric Mo(IV) and Mo(VI) species:

Mo,0,(dtc), = MoO(dtc), + MoO, (dtc), 1)

In a series of parallel investigations!>?"?® we have studied

the chemistry of molybdenum with the analogous thioxanthate
ligand. This choice was dictated by the ability of the ligand
to stabilize redox-active complexes®*° and to produce unique
structural types through ligand dissociation or rearrangement.’!
In this paper, we describe the synthesis of a new type of
molybdenum(IV) dithio acid monomer MoO(S,Cs-i-C3H;),
and its relationship to the previously reported dimers.!> The
infrared and visible spectra are presented and discussed. The
structure of the complex, determined by x-ray crystallography,
is contrasted to the geometry of other monomeric square-
pyramidal molybdenum compounds.

In addition, the present investigation has attempted to
elucidate the electrochemical properties of the oxomolybdenum

© 1978 American Chemical Society





