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cation of high-pressure NMR techniques.”»? In addition,
the significance of the various reaction routes in (5) could
be resolved by performing a [THF] dependence study in
which the solutions are diluted with a noncoordinating
solvent.Z In the investigated systems we are dealing with
a fine balance of molecular size, steric hindrance, and
nucleophilicity in determining the nature of the substitu-

(21) Akitt, J. W.; Merbach, A. E. NMR Basic Principles and Progress;
Springer-Verlag: Berlin, Heidelberg, 1990; Vol. 24, p 188.
(22) Zahl, A.; Neubrand, A.; van Eldik, R. Work in progress.

tion process. Such mechanistic details could not be re-
solved on the basis of the thermal activation parameters
only.
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The new compounds {#*-C(CH,)3}Fe(CO),L ((TMM)Fe(CO),L; L = PPhy, PMePh,, PMe,Ph, PCyPh,,
PCy,Ph, PCy;, P(m-xylyl);, PBz,, t-BuNC) have been synthesized by substitution of CO on {4*-C-
(CH,),JFe(CO); and are found to be surprisingly stable with respect to thermolysis and air oxidation. All
have been characterized by IR and H, 3C{H}, and 3'P{H} spectroscopy, and some electrochemically; fluxional
behavior involving TMM rotation is observed for several of the compounds. The X-ray crystal structure
of (TMM)Fe(CO),PCy,Ph shows that the TMM ligand assumes a typical “umbrella-like” mode of coor-
dination; the internal TMM ligand bond angles and distances differ little from those of other TMM-iron
compounds, although the Fe-C distance of the methylene group “trans” to phosphorus is marginally longer

than the other two iron-methylene distances.

Introduction

The short-lived, highly reactive biradical trimethylene-
methane (TMM) was first stabilized by coordination to
an Fe(CO); fragment in 1966, yielding the novel compound
{n*-C(CH,),JFe(CO); (I, TMMFe(CO);).! Since then, a
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large number of derivatives in which one or more hydrogen
atoms of the TMM are substituted have also been re-
ported,? and the chemistry of these compounds has been
extensively reviewed.?  Much of the interest in coordinated
TMM stems from its potential use in [3 + 2] cycloadditions
resembling Diels-Alder processes, an analogy prompted
by the close topological similarities in the frontier orbitals
of TMM and a cis-conjugated diene* and accentuated in
eqs 1 and 2. Thus, although all attempts to react
(TMM)Fe(CO), with dienophiles have proven unsuccess-

(1) Emerson, G. F.; Ehrlich, K.; Giering, W. P.; Lauterbur, P. C. J. Am.
Chem. Soc. 1966, 88, 3172.

(2) Ehrlich, K.; Emerson, G. F. J. Am. Chem. Soc. 1972, 94, 2464.

(3) (a) Slawisch, A. In Gmelin Handbook of Inorganic Chemistry, 8th
ed.; Mirbach, M., Ed.; Springer-Verlag: New York, 1986; Part B10 (Fe
Organoiron Compounds), 10, (Mononuclear Compounds). (b) Jones, M.
D.; Kemmitt, R. D. W. Adv. Organometal. Chem., 1987, 27, 279.

(4) Albright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. Soc.
1977, 99, 7546.
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ful,’ a number of 75-TMM complexes of palladium have
been found to participate in a variety of [3 + 2] cyclo-
addition reactions.? The low reactivity of (TMM)Fe(CO),
may be understood in terms of overlap arguments,’” but
may also, if the above-mentioned analogy with the Diels—
Alder reaction is valid, be a result of the compound being
too electron poor. Gas-phase valence-electron photoelec-
tron data for this compound show that the first ionization
potential is 8.32 eV,? and the reported values of »(CO) are
relatively high (2061, 1995 cm™ in hexane!).

It follows that reactivity might be introduced into the
system by substituting one or more of the carbonyl groups
by tertiary phosphines, and we have investigated briefly
the chemistry of the electron-rich compound (n*-TMM)-
Fe(PMe,);.° Unfortunately, attempts to react this com-
pound with a variety of reagents utilized previously® re-
sulted in the formation only of 1,4-dimethylenecyclo-
hexane, formally a dimer of the TMM diradical.!?

(5) (a) Day, A. C.; Powell, J. T. Chem. Commun. 1968, 1241. (b) Ward,
J. S.; Pettit, R. Chem. Commun. 1970, 1419,

(8) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1986, 25, 1.

(7) Albright, T. A. J. Organometal. Chem. 1980, 198, 159.

(8) Dewar, M. J. S.; Worley, S. D. J. Chem. Phys. 1969, 51, 1672.

(9) Grosselin, J.-M.; Le Bozec, H.; Moinet, C.; Toupet, L.; Kéhler, F.
H.; Dixneuf, P. H. Organometallics 1988, 7, 88.
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Table I. Infrared Spectra (vco Region) of the Complexes
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Table II1. *C{'H} NMR Spectra of the Complexes

(TMM)Fe(CO),L (TMM)Fe(CO),L
L »(CO), cm™* L 3 (TMM) (J, Hz) 3 (L) (J, Hz)
PPhy 1997, 1941 PPhy 107.0 (5, Cy) 128-138 (m, Ph)
PMePh, 1994, 1938 57.4 (d, Jpc 4.6, C))  217.9 (d, Jpc 10.6, CO)
PMe,Ph 1992, 1935 46.6 (d, Jpg 3.6, Cy)
PCyPh, 1991, 1987, 1934, 1931 PMePh,  106.6 (s, C;) 128-138 (m, Ph)
PCy,Ph 1992, 1988, 1933, 1930 55.4 (d, Jpc 4.8, C) 205 (d, Jpc 28.1, Me)
PCy, 1986, 1928 46.5 (d, Jpo 9.1, C;)  217.1 (d, Jpc 11.2, CO)
P(m-xylyl), 1994, 1938 PMe,Ph*  107.1 (s, Cy) 127-141 (m, Ph)
PBz, 1991, 1933 54.4 (d, Jpg 4.1, C9) 195 (d, Jpc 28.3, Me)
t-BuNC 2005, 1959 . 46.4 (d, Jpg 9.3, Cy)  217.5 (d, Jpg 10.5 CO)
Ph. 106.7 (s, C 127-136 (m, Ph
*In petroleum ether, bp 30-60 °C. FOyPh: 56.0 (t(; s, %3) 26-413(6111(,%)7) )
Table II. 'H NMR Spectra of the Complexes POyl el g G DAL, e 108 CO)
TMM)Fe(CO),L Y2 whS o :
( 2 52.4 (d, Jpc 3.7, C;)  26-40 (m, Cy)
L §(TMM): J, Hz 3(L): J, Hz , 485 (d, Jpo 11, C))  219.7 (d, Jpc 11.3, CO)
s PCy; 104.6 (s, C,) 26-39 (m, Cy)
PPh, fjgg }f, 13;)” 3.7, Hy) 7.0-7.6 (m, Ph) 50.7 (d, Jpc 7.0, C9)  219.1 (d, Jpc 11, CO)
1.07 (dd, Jyy 3.7, Jpy 94, , 485(d, Jpc 9, Cy)
N
PMePh,* 1.90 (s, H, 6.8-7.5 (m, Ph 2 \G Jpe 1Y, Ly (8, Ve
g 4 EZ JH)H 2.8, Hy) 157 (d,(f}l‘,ﬂ 7.;) 45.7 (d, Jpc 12.0, Cp) 218 (d, Jpc 6, CO)
1.05 (dd JHH 3.8 JPH 10.4 PBZad 105 (S, Cl) 126-134 (m, Ph)
‘ H) ' ' 53.3 (d, Jpg 5.1, C5)  37.0 (d, Jpc 16, Cc(x){,)
PMe,Ph*  1.67 (s, H,) 6.9-7.4 (m, Ph) 47.8 (d, Jpc 8.4, Cy) 217 (d, Jpc 10, CO)
2 1.58 (d, JHH 3.8, Hb) 1.28 (d, JPH 8.1) t-BuNC? 106.2 (s, Cl) 34.1 (s, CMes)
1.02 (dd, Jyy 3.8, Jpy 11.0, 53.5 (s, Cy) 30.8 (s, Me)
H,) 47.6 (s, Cy)
PCyPhy’  1.69 (s, H) 7.3-7.6 (m, Ph) 3In CD,Cly. In CDCl;. “In acetone-ds. 9At 280 K.
1.55 (d, Jyy 2.4, Hy) 0.83-2.23 (m, Cy) B LE in MM TN Acelone-de
0.78 (dd, Juy 24, Jpu 9.0, Table IV. 3'P{!H} NMR Spectra of the Complexes
PCy,Ph® obscured 1-2.5 (m, Cy) c(TMM)Fe(CO),L -
PCyg? obscured 0-2.4 (m, Cy) L 6 L o
P(m-xylyl,® 1.81 (s, H,)) 6.8-7.3 (m, Ph) PPh, 74.3% PCy,Ph 44,8
1.55 (d, Jyu 3.7, Hy) 2.20 (s, Me) PMePh, 53.9 PCy, 71.4°
0.83 (dd, Jyy 3.7, Jpy 9.2, PMe,Ph 34.70 P(m-xylyl); 74.5°
H,) PCyPh, 38.5¢ PBz, 59.7
PBzy? 1.62 (d, Jyy 3.7 Hy) 8.9-7.4 (m, Ph) \
1.42 (s, H,) 3.04 (d, Jpy 7.8, CH,) 4CD,Cl,. °CgDg. ©External H;PO,, solvent.
0.97 (dd, Jyy 3.7, Jpy 9.3, Anal ed out by Canadian Mi alytical
Hu) na _yses were carried out y Lanadian 1croan ytlc
t.BuNC? 1.82 (s, Hy) 1.40 (s, Me) Services, Delta, BC, Canada.

1.65 (d, Juy 4.2, Hy)
1.45 (d, Jyy 4.2, Hy)

¢In CD,Cly. ®In CDCl;. °In toluene-ds. %At 265 K.

We have consequently undertaken the synthesis of
partially substituted compounds of the type (TMM)Fe-
(CO),L (L = ¢t-BuNC, tertiary phosphine); only PF; de-
rivatives had previously been reported.!! It was antici-
pated that tertiary phosphine substituted compounds
might not only be significantly more electron rich, but that
sufficient asymmetry might also be introduced into the
coordinated TMM so that overlap requirements’ might
also be satisfied. The results of our investigations into the
synthesis and characterization of a series of new com-
pounds are presented in this paper.

Experimental Section
Syntheses were performed under N, atmosphere on a
vacuum line, by using Schlenk techniques and dried,
deaerated solvents. IR spectra were recorded on a Bruker
IFS-85 FT-IR spectrophotometer (see Table I for »(CO)
data), NMR spectra on Bruker ACF-200 and AM-400
FT-NMR spectrometers (Tables II-IV). Elemental

(10) Girard, L.; Baird, M. C. Unpublished results. The apparent
TMM dimer was found to exhibit identical NMR and GC properties with
those of an authentic sample of the compound 1,4-dimethylenecyclo-
hexane, prepared as in Kiwus et al.: Kiwus, R.; Schwarz, W.; Rossnagel,
I.; Musso, H. Chem. Ber. 1988, 120, 435.

(11) Clark, R. J.; Abraham, M. R.; Busch, M. A. J. Organometal.
Chem. 1972, 35, C33.

Cyclic voltammograms were obtained by using a three-
electrode cell system, and a Princeton Applied Research
Model 174A Polarographic Analyzer coupled to a Chemtrix
Type 800A waveform source and a Hewlett Packard 7005B
x-y recorder. Scan rates used in the investigations ranged
from 0.020 to 0.400 V 571, Solutions containing samples
at millimolar concentrations and 0.1 M Et,NCI supporting
electrolyte were used. Cyclic voltammograms of the sample
solutions were obtained at multiple scan rates by using a
platinum disk working electrode (4 = 3.14 X 1072 cm?)
which was cleaned before each series of runs. The Pt disk
electrode potential was referred to a Ag/AgCl/0.1 M
Et,NCl reference electrode, with a platinum wire auxiliary
electrode completing the potentiostatic circuit. Results
of the electrochemical experiments are summarized in
Table V.

The compounds PPh; (Strem), PMePh, (Strem),
PMe,Ph (Strem), PCy,Ph (M&T), PCyPh, (M&T), PBz,
(M&T), P(m-xylyl); (M&T), PCy; (Maybridge Chemical
Co. Ltd.), 3-chloro-2-(chloromethyl)-1-propene (Aldrich),
and tert-butyl isocyanide (Aldrich) were used as received,
and chromatography was performed utilizing silica gel 60
(Merck). Na,Fe(CO),!2 and Me;NO-2H,0!3!4 were pre-
pared as in the literature.

(12) Collman, J. P.; Finke, R. G.; Cawse, J. N.; Brauman, J. L. J. Am.
Chem. Soc. 1977, 99, 2515.

(13) Hickinbottom, W. J. Reactions of Organic Compounds, 2nd ed.;
Longmans, Green and Co.: London, 1948.

(14) Albers, M. O.; Coville, N. J. Coord. Chem. Rev. 1984, 53, 227.
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Table V. Electrochemical Data for the Compounds

(TMM)Fe(CO),L
(a)
scan rate,

L (Ep)ly v (Ep)c, v AEP’ \'% mV/S_l
PPhy 0.300 0.236 0.064 60-400
PMePh, 0.270 0.195 0.075 50-90
PMe,Ph 0.257 0.183 0.074 20~-50
PCyPh, 0.340 0.276 0.064 60-270
PCy,Ph 0.371 0.308 0.063 40-400
PBz, 0.270 0.199 0.071 25-60
coO 0.299 0.239 0.060 50160
CpoFe 0.845 0.768 0.077 50

(b)
k, A L mol™

L (ipe A (e nA  (i))lip), (V)2
PPh, 0.32 0.30 0.94 0.0012
PMePh, 0.74 0.66 0.89 0.0026
PMe,Ph 0.76 0.60 0.79 0.0030
PCyPh, 0.40 0.31 0.78 0.0015
PCy,Ph 0.19 0.15 0.79 0.0008
PBz; 0.72 0.62 0.86 0.0031
Cp,Fe 1.48 1.18 0.80 0.0032

Synthesis of the Complexes (TMM)Fe(CO),L. In
general, (TMM)Fe(CO); was generated by treating a
suspension of ~0.5 g of Na,Fe(CO), (2.4 mmol) in 20 mL
of THF with ~0.35 mL of H,C=C(CH,Cl); (~3.0 mmol).
The mixture was stirred at ambient temperature for 1 h,
by which time monitoring by IR spectroscopy indicated
that formation of (TMM)Fe(CO); had ceased. The solu-
tion was then treated with ~2.8 g of solid Me;NO-2H,0
(~25 mmol), and the mixture was refluxed for 30 min.
The desired ligand (~5 mmol) was then added, and the
mixture was refluxed overnight. Complete reaction of the
(TMM)Fe(CO); was confirmed by disappearance of the
»(CO) at 2059 cm™ in the IR spectrum, and the muddy-
looking reaction mixture was placed on a 15 X 1 cm silica
column. The reaction mixture was eluted with petroleum
ether (bp 30-60 °C), the fast-running yellow band being
collected. The resulting yellow solution was concentrated
in vacuo, and the material obtained was dissolved in a
minimum volume of CS,. The resulting CS, solution was
in turn chromatographed through silica, and the faster
running band, typically pale yellow, was again collected
and concentrated to give the desired product in 25-75%
yield. Analytically pure samples were obtained by dis-
solving the compounds in 5-10 mL of petroleum ether (bp
30-60 °C) and allowing slow evaporation under a stream
of nitrogen. Appearances of the new compounds were as
follows: (TMM)Fe(CO),PPh;, yellow solid, mp 168-170
°C; TMMFe(CO),PMePh,, pale yellow oil; (TMM)Fe-
(CO),PMePh,, yellow oil; TMMFe(CO),PCyPh,, pale or-
ange solid, mp 127-129 °C; (TMM)Fe(CO),PCy,Ph, pale
orange solid, mp 128-129 °C; (TMM)Fe(CO),PCys,, pale
yellow solid, mp 171-173 °C; TMMFe(CO),P(m-xylyl)s,
pale yellow solid, mp 175-177 °C; TMMFe(CO),PBz,, pale
yellow solid, mp 175-177 °C; (TMM)Fe(CO),(t-BuNC),
pale yellow solid, mp 85-86 °C. Anal. Caled for
(TMM)Fe(CO),PPh,, C,,Hy FeO,P: C, 67.31; H, 4.94;
Found: C, 67.22; H, 5.03. Caled for (TMM)Fe-
(CO),PMePh,, C;;H;,FeQ,P: C, 62.32; H, 5.23; Found: C,
62.38; H, 5.16. Caled for (TMM)Fe(CO),PMe,Ph
C,H;FeO,P: C, 55.29; H, 5.63; Found: C, 55.64; H, 5.93.
Calcd for (TMM)Fe(CO),PCyPh,, C,,HyFeO,P: C, 66.37;
H, 6.26; Found: C, 66.50; H, 6.38, Calcd for (TMM)Fe-
(CO),PCy,Ph, C, HysFeO,P: C, 65.46; H, 7.55; Found: C,
65.65; H, 7.50. Caled for (TMM)Fe(CO),PCy,,
CyHyFeO,P: C, 64.57; H, 8.81; Found: C, 63.54; H, 8.67.

Girard et al.

Table VI. Crystallographic Data for

(TMM)Fe(CO),PCy,Ph
mol formula CHgsFeO,P
mol wt 440.34
space group P2,/n (no. 14)
a A 13.639 (6)
b, A 11.296 (6)
¢, A 15.661 (6)
8, deg 110.60 (5)
V, A3 2264.0
Z 4
D, g cm™ 1.292
I 0.772
T, K 292
crystal dimensions, mm 0.15 X 0.25 x 0.40
F(000) 936
A (Mo Ka) 0.710732
26 range scanned (deg) 1.0-40.0
sin /X max 0.480
h,k,l range scanned 0—13,0—10,-14 —~ 14
no. of unique reflections 2101
no. of observed reflections 1676
final R, R,, 0.033, 0.034
largest shift/error in final 0.002

least-squares cycle, 5/ ¢
max and min electron density in final 0.408, -0.287
difference Fourier map

Caled for (TMM)Fe(CO)P(m-xylyl);, C5oHgsFeO,P: C,
70.32, H, 6.49; Found: C, 70.32; H, 6.66. Calecd for
(TMM)Fe(CO),PBz;, CyyHyFeO,P: C, 68.95; H, 5.79;
Found: C, 68.71; H, 5.83. Caled for (TMM)Fe(CO),(¢-
BUNC), CunFGNOzZ C, 53.04; H, 6.07; N, 5.62; Found:
C, 52.31; H, 6.06; N, 5.02.

X-ray Crystal Structure of (TMM)Fe(CO),PCy,Ph.
Yellow crystals of (TMM)Fe(CO),(PCy,Ph) were obtained
by slow evaporation of a solution of the compound in pe-
troleum ether (bp 30-60 °C) at ambient temperature, and
a suitable crystal was mounted with epoxy on a glass fiber.
Diffraction data were collected on an Enraf-Nonius CAD-4
diffractometer by using Mo K« graphite-monochromated
X-ray radiation, and the unit cell was determined from a
list of 25 well-centered reflections. A w/26 data collection
was carried out at room temperature, with intensity and
orientation standards showing no significant variation over
the length of the data aquisition period. Systematic ex-
tinctions confirmed the space group determination.

The data were corrected for Lorentz and polarization
effects; absorption corrections were not considered nec-
essary. The structure was solved through direct methods
on a Sun Sparc Station with use of the XTAL 3.0 program
package,'5 with all atoms, including the H atoms, being
located. Isotropic refinement!® was carried out with the
heavy-atom positions. Hydrogen atoms were assigned the
isotropic temperature factor associated with the parent
atoms and their locations were not refined. Full-matrix
least-squares refinement of positional and thermal pa-
rameters included all reflections having I > 3¢(). In the
final cycles, a full-matrix refinement involving anisotropic
temperature factors for all heavy atoms converged to give
agreement factors of B = 0.033 and Ry = 0.034. Details
related to the crystal data, intensity measurements, and
the final refinement parameters are summarized in Table
VI, and pertinent bond lengths and angles are in Table VIIL.
Final positional and equivalent thermal parameters are
deposited as Supplementary Material.

(15) Hall, S. R.; Stewart, J. M. Eds. Xtal User's Reference Manual-
Version 3.0; Universities of Western Australia and Maryland: Nedlands,
Western Australia, and College Park, MD, 1980,

F(16) The function being minimized was 3",w(|F,| - |F.])?, where w™! =
oF,.



Novel n#-Trimethylenemethane Compounds

Table VII. Selected Bond Lengths (A) and Angles (deg) of

(TMM)Fe(CO);PCy,Ph
Bond Lengths
Fe-P 2.263 (2) C1-01 1.157 (8)
Fe-C1 1.749 (6) C2-02 1.156 (7)
Fe-C2 1.758 (6) C3-C4 1.41 (1)
Fe-C3 1.934 (5) C3-C5 1.421 (9)
Fe-C4 2.128 (6) C3-Ceé 1.412 (9)
Fe-C5 2.129 (6) P-C7 1.855 (5)
Fe-Cé6 2.138 (5) P-C13 1.850 (9)
P-C19 1.859 (4)
Bond Angles
P-Fe-C1 97.5 (2) C3-Fe~C4 40.3 (3)
P-Fe-C2 95.4 (2) C3-Fe-C5 40.6 (2)
C1-Fe-C2 98.0 (2) C3-Fe-Cé6 40.2 (3)
P-Fe-C3 124.8 (2) C4-C3-C5 113.8 (6)
C1-Fe-C3 1174 (3) C4-C3-C5 116.9 (5)
C2-Fe-C3 118.3 (3) C5-C3-Cé6 1156.3 (7)
Fe-C1-01 174.9 (4) Fe-C2-02 178.7 (5)

Results and Discussion

Syntheses. The new compounds (TMM)Fe(CO),L
were synthesized in yields of up to 75% based on Na,-
[Fe(CO),] used via the sequence of reactions shown in eqs
3 and 4. Although previous workers have reported better

Nay[Fe(CO),] + H,C=C(CH,Cl); = (TMM)Fe(CO);
(3

(TMM)Fe(CO); + Me;NO + L —
(TMM)Fe(CO),L+ NMe, + CO, (4)

yields of (TMM)Fe(CO); utilizing Fe,(CO),,! we find that
the latter route also results in the significant formation of
Fe(CO);, which is very difficult to separate from the de-
sired, volatile product (TMM)Fe(CO);. In contrast, the
Na,Fe(CO), method utilized here appears to result in the
formation of sufficiently low quantities of Fe(CO); that
the latter is readily destroyed by the addition of
Me;NO-2H,0' and hence does not interfere in the sub-
sequent synthetic process. The compound (TMM)Fe(CO),4
appears to be inert to Me;NO-2H,0, and only undergoes
substitution in the presence of added ligand.!*

Upon disappearance of (TMM)Fe(CO)s, isolation of the
products requires two separations on silica gel. The first,
essentially a filtration, efficiently removes unreacted, in-
soluble Me;NO, as well as some of the excess ligand. The
second, using CS, as an eluent, removes several of the
unreacted phosphine ligands as polar adducts of the type
R;P-CS,.17 The substituted products are either yellow to
orange solids or yellow oils (L. = PMe,Ph, PMePh,). All
are surprisingly air stable, exhibiting considerable ro-
bustness to air even in solution.

X-ray Structure of (TMM)Fe(CO),PCy,Ph. The
structure of (TMM)Fe(CO),PCy,Ph is shown in Figure 1,
and relevant bond distances and angles are listed in Table
VII. As in the structures of (TMM)Fe(CO); and a number
of TMM-substituted derivatives which have been re-
ported,>!® the TMM ligand of (TMM)Fe(CO),PCy,Ph
assumes an “umbrella-like” arrangement, with the central
carbon atom closer to the iron than are the methylene
carbon atoms and with the latter staggered with respect
to the other three ligands on the iron. The molecular
dimensions of (TMM)Fe(CO),PCy,Ph are rather similar
to those of the acyclic phenyl-substituted compound

5(17) Margulis, T. N.; Templeton, D. H. J. Am. Chem. Soc. 1961, 83,

(.18) (a) Churchill, M. R.; Gold, K. Inorg. Chem. 1969, 8, 401. (b)
Ai\menningen, A.; Haaland, A.; Wahl, K. Acta Chem. Scand. 1969, 23,
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Figure 1. oRTEP drawing of (TMM)Fe(CO),PCy,Ph.

{n*-(PhCH)C(CH,),}Fe(CO);,1® which seems to be the only
such compound for which the TMM ligand is not cyclic
in nature and for which an X-ray crystal structure is known
in detail, and to those of the 17-electron, cationic tris-
phosphine complex [(TMM)Fe(PMe;);](CF;S0,).° Com-
paring (TMM)Fe(CO),PCy,Ph and {»*-(PhCH)C(CH,),}-
Fe(CO)3, the Fe—CO bond lengths of the latter are slightly
longer, presumably a result of decreased = back-donation,
while the »* ligand C—C distances are slightly shorter. The
Fe-C distances of the two compounds differ surprisingly
little, although the methylene carbon atom “trans” to
phosphorus in (TMM)Fe(CO),PCy,Ph lies farther from
the iron than do the other two methylene carbon atoms
of this compound. Interestingly, the Fe-P bond distances
of (TMM)Fe(CO),PCy,Ph and of [(TMM)Fe(PMe;)s]-
(CF480,) are essentially identical in length.

IR, 'H NMR, *C{!H} NMR, and 3'P{'H} NMR Spec-
troscopy. All of the new compounds exhibit pairs of »(CO)
in their IR spectra (Table 1), as anticipated for dicarbonyl
compounds. In some cases shoulders were observed on the
main »(CO), possibly indicating the presence of confor-
mational isomers. Several staggered conformations could
result from rotation about the Fe~C bonds, although the
X-ray crystal structure of (TMM)Fe(CO),PCy,Ph indi-
cates that, for this compound, only a single such confor-
mation occurs in the solid state.

The 'H NMR data for the new compounds are listed in
Table II. The parent compound, (TMM)Fe(CO),, contains
six equivalent protons, the resonance of which appears as
a broad singlet at 8 2.0 in a variety of solvents. As indi-
cated in the Newman diagram of II, the equivalence is lost

Hy Hy'
\cz/
ocC CO
H
Lt Cla ?S/Hc
Ha L .

II

upon substitution of a carbonyl group, and three different
pairs of 'H sites in the TMM ligand, H,, Hy, and H_, ensue
if rotation of the TMM relative to the other ligands is slow
on the NMR time scale. Although little is in fact known
about fluxionality in such systems, TMM-substituted
compounds (RTMM)Fe(CO); (R = CHOHMe, CHMeOAc,
Et)!® and PF;-substituted compounds (TMM)Fe(CO),-
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(PFy)s.,!! are fluxional only at high temperatures, obser-
vations which have been rationalized theoretically.*

In fact, three TMM 'H resonances are observed for most
of the compounds at room temperature, suggesting that
the TMM ligands do not undergo rapid rotation about the
primary axis of the molecule. Assignments are facilitated
by the observation of “W™ coupling of certain pairs of
TMM protons, as reported for the compound (TMM)Os-
(CO),PPh;® As shown in II, the nonequivalent H, and
H,’ (H,” and H,) are linked through “W”-shaped bond
patterns, resulting in significant long-range spin-spin
coupling. Geminal couplings and other long range cou-
plings are too small to be resolved, and thus the observed
TH NMR resonance patterns consist of a singlet, attributed
to H, ( and H,), and two doublets, attributed to H, (and
H,) and Hy, (and Hy'). If the ligand L is a phosphine, the
H,(H,”) doublet is further split, appearing as a doublet of
doublets. All three resonances appear between 6 0 and §
2.5, and their discrete existence at room temperature un-
derscores the nonfluxional nature on the NMR time scale
of most of the compounds. Interestingly, the 'H NMR
spectrum of the tribenzylphosphine complex exhibited
rather broad TMM resonances at room temperature,
suggesting the possibility of fluxional behavior in this case
(see below).

The 3C{H} NMR data are listed in Table III. The
pattern of resonances arising from the (TMM)Fe(CO),
group are remarkably consistent and display the broad
characteristics described for many other TMM complex-
es.® As is seen in Table III, the central carbon (C,) of the
TMM group appears at § 106 + 2, the equivalent carbons
(labeled C;) appear as either a doublet or a broadened
singlet in the region & 50-58, while C, appears as a doublet
at 6 45-49. Again, the existence of discrete signals for C,
and C; provides support for a nonfluxional TMM group
except for the possible exception of (TMM)Fe(CO),PBz,.
For this compound, only one weak, broad CH, resonance
was observed at room temperature, a result consistent with
the above-mentioned !H NMR spectrum and suggesting
the existence of an exchange process (see below). In all
cases, the resonances of the CO groups appear as doublets
at 6 218 = 1.

The above 'H and 13C assignments were confirmed by
a proton-carbon heteronuclear correlation experiment?
with the compound (TMM)Fe(CO),PMePh,, chosen be-
cause of its well-resolved 'H spectrum. In this experiment,
the C; resonance gave rise to two cross peaks, correlating
to the resonances assigned to H, (and H,') and H, (and H,)
of the TMM group. The C, resonance gave rise to a single
crosspeak, correlating with the doublet of doublets at-
tributed to Hy, (and Hy’) in the proton spectrum. The
connectivities for (TMM)Fe(CO),(t-BuNC) were simiarly
established. The 3'P{'H} NMR spectra of new compounds
exhibit only single resonances, typically well separated
from the signal displayed by the corresponding free PR,
(Table IV).

TMM Ligand Rotation. Variable-Temperature
NMR Spectroscopy. An earlier variable-temperature
13C{1H} NMR investigation of the compounds [n-RCHC-
(CH,)4jFe(CO); (R = COMe, CHOHMe, CHMeOAc, Et)¥?
has found that the barriers to rotation of the 5* ligands are
70-75 kJ mol™}, much larger than observed for many cyclic

(19) Magyar, E. S,; Lillya, C. P. J. Organomet. Chem. 1976, 116, 99.
(20) (a) Jones, M. D.; Kemmitt, R. D. W_; Platt, A. W. G.; Russell, D.
R.; Sherry, L. J. 8. J. Chem. Soc., Chem. Commun., 1984, 673. (b) Jones,
Il\gs lg.;l}feinmitt, R.D. W,; Platt, A. W. G. J. Chem. Soc., Dalton Trans.,
, 1411,
(21) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy: a
Guide for Chemists; Oxford University Press: Oxford, 1987.
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and acyclic polyenes, and rationalized theoretically on the
basis of very significant electronic stabilization of the
ground-state structures.* Interestingly, it was also pre-
dicted that substitution of CO by a tertiary phosphine
should result in an increase in the electronic barrier to
rotation,* and thus our observation of apparent exchange
broadening for the tribenzylphosphine complex piqued our
curiosity. Interestingly, lowering the temperature resulted
in the TMM methylene resonances of both the 'H and the
13C{'H]} spectra sharpening considerably, until both ex-
hibited fine structure and spectral patterns typical of the
other compounds at room temperature (Tables II and III).
Increasing the temperature to above 360 K resulted in
eventual c¢oalescence of all methylene proton resonances
to a doublet, with Jpy = 3.0 Hz, the average of the indi-
vidual, low-temperature values of Jpy. Thus the exchange
process does not involve phosphine ligand dissociation, but
rather must involve TMM rotation; a barrier to rotation
of AG* = 63 kJ mol™!, considerably less than observed for
the tricarbonyl system,!? was calculated on the basis of
coalescence temperatures and broadening of the narrow
singlet resonance of H. We therefore investigated the
variable-temperature 'H NMR spectra of (TMM)Fe-
(CO);PMe,Ph and (TMM)Fe(CO),PPh,, finding very
similar coalescence phenomena and estimates of AG* of
72 and 70 kJ mol}, respectively. The fluxionality exhibited
by this family of compounds may thus be subject to both
steric and electronic control; a more detailed investigation
of the fluxionality of all of the compounds in the series will
be published separately.

Electrochemistry. Cyclic volammograms of the com-
plexes (TMM)Fe(CO); and (TMM)Fe(CO),L all exhibited
quasireversible, one-electron oxidation/reduction couples
over the range of scan rates examined. The results are
summarized in Table V. The number of electrons involved
in each couple was estimated from the difference in the
peak potentials for oxidation and reduction in the cyclic
voltammograms. For comparison, the electrochemical
reaction of ferrocene in acetonitrile was investigated; in
this solvent ferrocene is known to undergo a reversible,
one-electron charge transfer process at 0.05 V g2
Ferrocene showed a peak separation of 0.077 V, while the
TMM complexes investigated showed separations ranging
from 0.063-0.075 V. This similarity in AE, values suggests
that the latter compounds undergo a one-electron, qua-
sireversible charge transfer process although the AE,
values exceed the 0.059 V value expected for a reversible,
one-electron couple.

Our conclusion of near reversibility is supported by the
ratios of anodic to cathodic current peak heights, which
were found to be near unity for all samples examined; a
value of one would be obtained in a perfectly reversible
system.? Unfortunately, near reversibility is not supported
by the comparisons of peak current values; according to
theory,? the experimental peak current (i,), varies with
the bulk concentration of the reacting species, C*, and with
the square root of the scan rate, v1/2,

(ip)a = kCHu1/2 (5)

The proportionality constant k is dependent on n, the
number of electrons in the charge transfer step and also
on the diffusion coefficient of the reacting species.? For
a series of compounds undergoing charge transfer processes
where n = 1, one expects the & values to be similar.

(22) (a) Gagné, R. R.; Koval, C. A,; Lisensky, G. C. Inorg. Chem. 1980,
19, 2854. (b) G. Gritzner and J. Kuta Pure Appl. Chem. 1984, 56, 461.

(23) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Funda-
mentals and Applications, Wiley and Sons: New York, 1980.
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k = (i,),/CHo!/2 )

As can be seen in Table V, the k values can be broadly
categorized into two groups, those for which the observed
k value approaches that of ferrocene (L = PMe,Ph, PBz;,
and PMePh,) and those for which % is appreciably dif-
ferent (PPhy, PCyPh,, and PCy,Ph). The phosphines in
the latter group all contain three very bulky cyclic groups,
and the smaller k values may result from significantly
smaller diffusion coefficients for the compounds.

Over a range of scan rates (specified for each complex
in Table V), each redox couple displayed an invariant peak
potential. Consequently, for the solvent system used, with
a maximum attainable oxidation state of +1, the general
reaction is expected to be

(TMM)Fe(CO),L — (TMM)Fe(CO),L* + ¢~ (7)

One would expect this process to be facilitated by the
more electron-donating phosphines, but there is in fact
little correlation between electron donation by the phos-
phine (as evidenced by IR v frequencies) and the mean
of the observed (E,), and (E,), (which should approximate
the thermodynamic E° values).
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The results of a cyclic voltammetry study of the persistent, chromium-centered radicals [55-CsH;Cr(CO),L}
(L = CO, PMe,, PMe,Ph, PMePhy, PPhj) and {n5-CsMe;Cr(CO)g} are reported. It is found that all undergo
nearly reversible, 1-electron reductions to the corresponding anions, the relative ease of reduction correlating
well with electron-donating abilities of the ligands, as indicated by observed values of vgo. At suitable
combinations of low temperature and fast scan rates, exchange between the monomeric {5°-CsH;Cr(CO)g)
and its dimer, {#5-CsHzCr(CO)s],, becomes sufficiently slow relative to the time scale of the cyclic voltammetric
experiment that reduction of the dimer, the predominant species in solution, is observed.

As part of growing interest in the chemistry of 17-elec-
tron organometallic compounds,! it has recently been
shown that the metal-metal-bonded, 18-electron com-
pounds [1%-C;H;Cr(CO)s], and [n®-C;Me;Cr(CO);], par-
tially dissociate in solution to form the corresponding
17-electron, radical species, {#°-C;H;Cr(CO);} and {°-
CsMe,Cr(CO),l, respectively.? The two monomers are
labile and react with a variety of tertiary phosphines L to
form substituted 17-electron compounds of the types
{nP-CsHsCr(CO),L} and {r5-CsMe;Cr(CO),L}, most of which
are monomeric both in solution and in the solid state? We
have been investigating the physical and chemical prop-
erties of [n5-C5H50r(CO)3]2, [115'05MG5CT(CO)3]2, and their
derivatives? and have recently reported a detailed in-

(1) (a) Astruc, D. Chem. Rev. 1988, 88, 1189. (b) Baird, M. C. Chem.
Rev. 1988, 88, 1217, (c) For a number of relevant reviews, see: Organo-
mgegt(t)zuic Radical Processes; Trogler, W. C., Ed.; Elsevier: Amsterdam,
1990.
(2) (a) Cooley, N. A.; Watson, K. A,; Fortier, S.; Baird, M. C. Or-
ganometallics 1986, 5, 2563. (b) McLain, S. J. J. Am. Chem. Soc. 1988,
110, 643. (c) Jaeger, T. J.; Baird, M. C. Organometallics 1988, 7, 204.
19 8(385) 70010913%’. N. A,; MacConnachie, P. F. T.; Baird, M. C. Polyhedron

vestigation of the X-ray structures of two substituted
radicals, {#3-CsH;Cr(CO),(PPhy)} and {#®-C;Me;Cr(CO),-
(PMej,)}, and of the electronic structures of both the tri-
carbonyl and of the substituted dicarbonyl radical species,
as indicated by single-crystal EPR studies and LCAO-HFS
calculations.*

In order to gain further information concerning the
electronic structures of this fascinating series of com-
pounds, we have now also carried out a cyclic voltammetric
study of the compounds [75-CyHzCr(CO)sls, [n5-
CsMe5Cr(CO)3]2, and {ﬂs'C5H5CT(CO)2L} (L = PMes,
PMe,Ph, PMePh,, PPh;) and report herein our results.
Although electrochemical applications to organometallic
chemistry are numerous,® previous electrochemical in-
vestigations of this system have been limited to a brief
examination of [#5-CsH;Cr(CO),l,, for which it was con-

(4) Jaeger, T. J.; Watkins, W. C.; MacNeil, J. H,; Fortier, S.; Watson,
K. A; Hensel, K.; Preston, K. F.; Morton, J. R.; Le Page, Y.; Charland,
J.-P.; Williams, A. J.; Ziegler, T. J. Am. Chem. Soc. 1991, 113, 542.
(5) (a) Connelly, N. G.; Geiger, W. E. Adv. Organomet. Chem. 1984,
23, é7 (b) Geiger, W. E.; Connelly, N. G. Adv. Organomet. Chem. 1988,
4, 87.
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