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Abstract: Reduction of the five-coordinate iron(ll) dihalide complexes (P'PDI)FeX, (PPDI = ((2,6-
CHMe;),CsH3sN=CMe),CsHzN; X = CI, Br) with sodium amalgam under 1 atm of dinitrogen afforded the
square pyramidal, high spin iron(0) bis(dinitrogen) complex (P'PDI)Fe(Ny).. In solution, (P"PDI)Fe(Ny). loses
1 equiv of N, to afford the mono(dinitrogen) adduct (P'PDI)Fe(N,). Both dinitrogen compounds serve as
effective precatalysts for the hydrogenation and hydrosilation of olefins and alkynes. Effecient catalytic
reactions are observed with low catalyst loadings (<0.3 mol %) at ambient temperature in nonpolar media.
The catalytic hydrosilations are selective in forming the anti-Markovnikov product. Structural characterization
of a high spin iron(0) alkyne and a bis(silane) o-complex has also been accomplished and in combination
with isotopic labeling studies provides insight into the mechanism of both catalytic C—H and catalytic C—Si
bond formation.

Introduction ficient C—C bond forming cross-coupling reactions, although
in some cases the oxidation state and identity of the catalytically
Iac'uve iron species is not well understood. Iron catalysts have
also been developed for olefin polymerization and display levels
of activity and selectivity comparable to those of more traditional
group 4 metallocene catalysts!?

These results suggested to us that iron, when in an appropriate
coordination geometry and spin state, may be a reasonable
alternative to precious metals in a wide range of catalytic bond
forming reactions. Inspired by the success of iron catalysts in
olefin polymerizatio® and reports on MAO-activated iron
catalysts for olefin hydrogenatidi2° our initial focus was on
reactions that involved insertion of an unsaturated organic
molecule into an iron hydride or iron alkyl. Specifically, we

Catalytic bond forming reactions promoted by homogeneous
transition metal complexes have become an indispensable too
in synthetic chemistry.Most syntheses of complex molecular
targets rely on one, if not many, key metal-mediated steps.
While unprecedented levels of activity and selectivity have been
achieved increasing pressures for atom-econonficahd
catalytic processes with reduced environmental inffaet the
search for improved synthetic transformations that minimize
waste production, energy consumption, and generation of toxic
substance®.

One approach to accomplishing this goal is to replace toxic,
heavy metal catalysts with more benign iron compounds. For
an effective process, however, the new catalysts should provide
high activity at low loadings and high substrate concentrations (10) Examples of iron-catalyzed reactions: (a) tom Dieck, H.; Dietri
ideally without organic solverit® The low toxicity and high Ber. 1984 117,694 (b) Corey, E. J., Imai, N.; Zhang, H
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are interested in developing highly active catalysts for both the
hydrogenation and hydrosilation of unsaturated organic mol-
ecules, given the widespread synthetic utility of these reactiong
and their reliance on toxic, precious met&is?3

We recently reportéd the synthesis and characterization of

a series of four-coordinate, and in some cases enantiopure, irorf

(1) dialkyl complexes that are reluctant to participate in olefin
and alkyne insertion reactions, possibly due to their high spin,
S= 2 electronic configuratio®® On the basis of these results,
we began to explore alternative coordination geometries ang
spin states and were encouraged by the reports of 1-hexen
hydrogenation by Fe(C@%® However, the utility of these
reactions is hampered by the high temperatures and pressure
typically in excess of 200C and 206-250 atm, required for
catalytic activity. Likewise, Wrighton has developed a photo-

catalytic method for both olefin hydrogenation and hydrosilation

using Fe(CQ) that operates efficiently at 2ZC and 1 atm of
pressure, but continued irradiation with 366 nm light is required
for turnover?” Bianchini and co-workers have reported a cationic

iron hydride complex that hydrogenates alkynes to alkenes under

mild conditions; however, further conversion of alkenes to
alkanes is not observéd.Concurrent with our studies, Daida

and Peters have developed a family of tris(phosphino)borato-

ligated iron alkyl and hydride complexes that are competent
for olefin and alkyne hydrogenation at room temperature and 1
atm of H,.2°

Here we describe the synthesis and characterization of an

unusual high spin, ®dsquare pyramidal iron(0) bis(dinitrogen)

complex that serves as an effective precatalyst for the hydro-

genation and selective hydrosilation of both olefins and alkynes.
In addition, two catalytically competent intermediates, an iron
alkyne compound and a bis(silane}complex, have been

Figure 1. Molecular structure ofl-(N2), (30% probability ellipsoids).
Hydrogen atoms omitted for clarity.

thermal conditions. Tridentate pyridinediimine (PDI) ligands of
the general form [(2,6-ArRC(Me)),CsHsN] (Ar = substituted

aryl group) are attractive for this purpose given their relative
ease of synthesis, modularity, and well-documented success in
supporting catalytically active iron compounds?!® In addition,

the relativerr-acidity of this class of molecule as compared to
o-donating trialkylphosphine ligands may also aid in stabiliza-
tion of electron-rich Fe(0) complexes.

Reduction of the iron(Il) dihalide complexes containing 2,6-
diisopropylphenyl substituentsl-Cl, or 1-Bry, with 0.5%
sodium amalgam under 1 atm of dinitrogen produced green
crystals identified as the five-coordinate iron(0) bis(dinitrogen)
complex1-(Np), (eq 1).

synthesized and crystallographically characterized. These mol
ecules, in combination with isotopic labeling studies, have
provided insight into the mechanism of iron-catalyzedHCand
C—Si bond forming reactions.

Results and Discussion

S S
| |N,
10 AL S T A S
AT RS A Na(Hg) A7 FT\ AN NaBEtH 2
x X pentane N, N2 toluene
=: é: 1-3:_2 Ar = 2,6-Pry-CgHz 1(Ng)s

Synthesis of the Well-Defined Catalyst Precursor 1-(B..
Inspired by Wrighton's findings that photogenerated Fe({CO)
is the active species in Fe(C§&atalyzed olefin hydrogenation
and isomerization reactioi$,we targeted the synthesis of a
well-defined iron precursor that could provide access to a
reactive, 14-electron isolobalzEe(0) fragment under mild

(21) Chaloner, P. A.; Esteruelas, M. A.;"Jde.; Oro, L. A. Homogeneous
HydrogenatlonKIuwer Academic Publishers: Dordrecht, The Netherlands,
1994.

(22) (a) Brook M. A Silicon in Organic, Organometallic, and Polymer

, 2000. (b) Qjima, I.; Li, Z.; ZhuJIhe
n Compoundd/iley: Avon u. K., 1998;
Chapter 29.

(23) Early-transition-metal and lanthanide catalysts are also effective for
hydrogenation and hydrosilation. For representative examples see:
Troutman, M. V.; Apella, D. H.; Buchwald, S. 4999
121, 4916. (b) Conticello, V. P.; Brard, L.; Giardello, M. A.; Tsuji, Y.;
Sabat, M.; Stern, C. L.; Marks, T. d.992 114 2761.

(c) Jeske, G.; Lauke, H.; Mauermann, H.; Schumann, H.; Marks, I.. J.
et 1985 107, 8111.

(24) Bart, S. C.; Hawrelak, E. J.; Schmisseur, A. K.; Lobkovsky, E.; Chirik, P.
32004 23, 237.

(25) (a) Harvey, J. N.; Poli, R.; Smith, K. 2003 238
347-361. (b) Poli, R . 1996 96, 2135.

(26) Harmon, R. E.; Gupta, S. K.; Brown, . 1973 73, 21.

(27) Schroeder, M. A.; Wrighton, M. d.976 98, 551.

(28) Bianchini, C.; Meli, A.; Peruzzini, M.; Frediani, P.; Bohanna, C.; Esteruelas,

M. A;; Oro, L. A. §s1992 11, 138.

(29) Daida, E. J.; Peters, J. org. Chem.2004 in press.

The bis(dinitrogen) compound can also be readily synthesized
by addition of 2 equiv of NaBEH to 1-Br, in toluene.
Presumably, generation of Fe(0) proceeds by facile reductive
elimination of dihydrogen from the putative iron(ll) dihydride
1-H,. Dark greenl-(N,), was characterized by a combination
of IR and electronic spectroscopies, elemental analysis, and
X-ray diffraction. Coordination of two Mligands in the solid
state was also confirmed by a Toepler pump experiment. Unlike
ruthenium, where coordination of two,Nigands has been
known for some timé?%31to our knowledge synthesis &f(Ny)2
provides the first example of an iron(0) bis(dinitrogen) complex.
Single crystals ofl-(Ny), suitable for X-ray diffraction were

(@ grown from a concentrated pentane/ethet:1) solution. The

solid-state structure is shown in Figure 1, and selected bond
distances and angles are reported in Table 1. While several iron-
(0) dinitrogen complexes have been repofednly a limited
number have been crystallographically characteriZedore

(30) (a) Fergusson, J. E.; Love, J. Chem. Communl969 399. (b) Kane-
Maguire, L. A. P.; Sheridan, P. S.; Basolo, F.; Pearson, hiuiiiimisd
Soc.1968 90, 5

(31) (@) Sellmann, dl974 13, 639. (b) Allen,
A.D.; Harris, R. O.; Loescher, B. R.; Stevens, J. R.; Whiteley, REh&m.
Rev. 1973 73, 11.
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Table 1. Selected Bond Distances and Angles for 1-(N2)2
distance angle
A (deg)
N(1)—N(2) 1.090(2) Fe(LyN(1)—N(2)  178.40(19)
N(3)—N(4) 1.104(3) Fe(IyN(3)—N(4)  171.81(17)
Fe(1)}-N(1) 1.8341(16) N(1)yFe(1}-N(3) 98.02(8)
Fe(1)}-N(3) 1.8800(19) N(2)Fe(1)y-N(5) 96.65(7)
Fe(1)-N(6) 1.8362(14) N(2)Fe(1)y-N(7) 97.41(7)
N(5)—C(2) 1.332(2) N(5)-Fe(1)-N(6) 74.49(6)
N(7)—N(8) 1.333(2) N(6)-Fe(1)}-N(7) 79.90(6)
deviation of Fe(1) 0.297
deviation of N(1) 0.072

significantly, each of the previously structurally characterized
iron(0) dinitrogen complexes contains only ong Ilgand and
adopts a trigonal bipyramidal geometry.

The molecular geometry about the iron 1a(Np), is best
described as a distorted square pyramid with oneligdand
completing the fourth site of the basal plane while the other
occupies the apical position. The basalligand lies 0.072 A
below the plane defined by N(5N(6)—N(7) of the PDI ligand.

In contrast, the iron atom deviates more significantly, lying 0.297
A above the plane defined by N(SN(6)—N(7). As with other
structurally characterized iron complexes containingRRDI
ligand16-18 the aryl substituents are oriented perpendicular to

the basal plane of the molecule. The geometric preference for

square pyramidal over pseudo trigonal bipyramidal is most likely
steric in origin. Several (PDI)Pecomplexes that adopt a trigonal
bipyramidal geometry have been reportédyut those that
incorporate the bulky 2,6-diisopropyl ligand seem to favor
square pyramidal coordinatidf.In this present case, placing
two dinitrogen ligands axially would produce unfavorable steric

interactions with the aryl substituents perpendicular to the plane

of the PDI ligand.

Both the bond distances and vibrational stretching frequencies

of the N, ligands are consistent with minimal activation by the
d8iron center. The basal and apical lgands have N-N bond

1-(N), are consistent with the-accepting nature of the PDI
ligand relative to the phosphines and make the observed N
stretching frequencies intermediate to the value of 2098'cm
reported for (PE),(CO%Fe(N)332and the range of 20662130
cmt typically found in iron(Il) dinitrogen complexes.

The solid-state magnetic susceptibility B{N,), was inves-
tigated by SQUID magnetometry (see the Supporting Informa-
tion). Variable temperature data collected from 4 to 300 K are
consistent with a paramagnetic molecule that has an excellent
fit (R? = 0.995) to the Curie Weiss law. The observed values
for the magnetic moment clearly establish &= 1 ground
state forl-(Np),.

Five-coordinate, iron(0) complexes have been known for over
a century, with Fe(CQ)being the most familiar exampfé.
Since that time, several (C¢heL and (COjFel, (L =
phosphine) complexes have been prepared and a continuum of
geometrie¥3"ranging between trigonal bipyramidé#®4%and
square pyramidéal have been observed. In addition, pentakis-
(phosphine)iron(0) complexes have also been prepared and
crystallographically characterized and both limiting geometries
observed?43In many cases, attempts to measure the barrier to
interconversion have been unsucceséfttl owing to facile
ligand site exchange by a classic Berry mecharfisaithough
a static ABs-type spectrum has been observed for Fe(P(Q¥le)
at —104 °C 47 Importantly, each of the aforementioned com-
plexes isdiamagneticand thus, the triplet ground state observed
for 1-(Np); is, to our knowledge, the first example of a high
spin, & iron(0) complex!® While unusual for iron, high spin,
d® electronic configurations are well-known for isoelectronic
Ni(ll) complexes. Many of these molecules have been charac-
terized by X-ray diffractiof® 5! and their electronic structures
thoroughly investigateef Formally,1-(N,), can also be viewed
as an intermediate spin iron(ll) diamide complex where the PDI
ligand has been reduced by a two-electron transfer from the
iron center.

Attempts to characterize-(N,); in solution revealed interest-

indistinguishable from each other and frega¢cording to the
3o criterion. Curiously, the apical Nigand is significantly bent
with an Fe(1}»N(3)—N(4) angle equal to 171.81(17)For
comparison, the basal,Nigand is more linear with an Fe()
N(1)—N(2) angle of 178.40(19) The observed NN bond
distances are in good agreement with theNNbond distance
of 1.142(7) A reported for (depge(N) (depe= diethylphos-
phinoethanéf® and the value of 1.078(30) A found in
(EtsP)(CORFe(N,).33

The absence of significant-back-bonding is further cor-
roborated by the observation of two strong-N stretches
centered at 2053 and 2124 chin the solid-state (KBr pellet)
infrared spectrum. Most iron(0) dinitrogen complexes supported
by phosphine ligands have,Ntretching frequencies between
1950 and 2068 cnt.3233The higher frequencies observed for

(32) (a) George, T. A,; Rose, D. J.; Chang, Y.; Chen, Q.; Zubiet;
.1995 34, 1295. (b) Cable, R. A.; Green, M.; Mackenzie, R. E.;
Timms, P. L.; Turney, T. WChem. Communl976 270. (c) Hills, A;;
Hughes, D. L.; Jimenez-Tenorio, M.; Leigh, G. J.; Rowley, ALIChem
A1 993 3041.
(33) (a) Kandler, H.; Gauss, C.; Bidell, W.; Rosenberger, S.; Burgi, T.;
Eremenko, I. L.; Veghini, D.; Orama, O.; Burger, P.; Berke,
.1995 1, 541. (b) Perhuisot, P.; Jones, W. Bew J. Chem1994
18, 621. (c) Komiya, S.; Akita, M.; Yoza, A.; Kasuga, N.; Fukuoka, A.;
Kai, Y. Chem. Commuri993 787. (d) Berke, H.; Bankhardt, W.; Huttner,
G.; Vonseyrel, J.; Zsolnai, LahattRer1981, 114 2754.
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Hirano. M.: Akita. M.: Morikita, T.; Kubo, H.; Fukuoka, A.; Komiya, S.

DR <057, 353
a) Mond, L.; Quincke, Wd%l 59, 604. (b) Berthelot, M.

(34)

(35)
C. R. Hebd. Seances Acad. 1 112 1343.

(36) Battaglia, L. P.; Delledonne, D.; Nardelli, M.; Pelizzi, C.; Predieri, G.;
Chiusoli. G. P R 11987, 330, 101.

(37) Cotton, F. A.; Hardcastle, K. I.; Rusholme, G. finiatstiiagm1973

2, 217.

(38) Cowley, A. H.; Davis, R. E.; Remadna, 1981, 20, 2146.

(39) Allison, D. A,; Clardy, J.; Verkade, J. 1972 11, 2804.

(40) Howell, J. A. S.; Palin, M. G.; McArdle, P.; Cunningham, D.; Goldschmidt,
Z.; Gottlieb, H. E.; Hezroni-Langerman, 1993 32, 3493.

(41) Casey, C. P.; Whiteker, G. T.; Campana, C. F.; Powell, ikl
199Q 29, 3376.

(42) Wong, W. K.; Chiu, K. W.; Wilkinson, G.; Howes, A. J.; Motevalli, M.;

Hursthouse, M. Bgahdagagsan1 985 4, 603.
(43) Elschenbroich, C.; Nowotny, M.; Berhrendt, A.; Harms, K.; Wocadlo, S.;

Pebler, JW&%L& 116, 6217.
(44) Brookhart, M.; Chandler, W. A.; Pfister, A. C.; Santini, C. C.; White, P.
S

.wslggz 11, 1263.

(45) Meakin, P.; Jesson, J. iy d 973 95, 7272.

(46) Meultterties, E. L 497Q 3, 266.

(47) Meakin, P.; English, A. D.; Ittel, S. D.; Jesson, J il C

1975 97, 1254.

(48) Betley and Peters have recently reported an example 8f=arl, Fe(0)
four-coordinate dinitrogen complex: Betley, T. A.; Peters, JJCAD.

c2003 125, 10782.

(49) Sacconi, L.; Orioli, P. L.; DiVaira, d.965 87, 2059.

(50) Legg, J. I.; Nielson, D. O.; Smith, D. L.; Larson, M. s c.
1968 90, 5030.

(51) Sacconi, L.; Mani, F.; Bencini, A. IlComprehensie Coordination
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Figure 2.
dissociation froml-(Ny),.

In situ React-IR data in toluene demonstrating reversible N

for two unpaired electrons. The low magnetic moment may be
due to spir-orbit coupling resulting in a quenching of the orbital
angular moment as is typically encountered in square planar
molecules* Despite theS = 1 ground state, sharp, assignable
IH NMR spectra are observed (Figure 3). These spectral features
contrast those of related four-coordinate iron(ll) complexes with
S = 2 ground states where no-HH coupling is observed and
the chemical shift dispersion is over 500 ppini®24The sharp
resonances observed for sample&-®f, prepared with rigorous
exclusion of N broaden upon exposure to dinitrogen, suggesting
a dynamic equilibrium between the four- and five-coordinate
compounds on the NMR time scale.

Synthesis and solid-state characterization of a high sgin, d
square pyramidal iron(0) complex suchlaéN,), suggests that
addition of stronger field ligands may afford more familiar low
spin, diamagnetic, iron(0) derivatives. Exposurd €iN,), to 1
atm of CO resulted in substitution of the dinitrogen ligands and
produced the corresponding iron(0) dicarbonyl comgl€<O),

(eq 3).

X A

p ~
| '|“ | | “|‘ |
— 1atm CO N— N
AN=FelNoar T S

£oCO
1-(CO),

Ar
N, N2

1-(No),

Ar = 2,6-Pr,-CgHg

Olive greenl-(CO), was characterized by a combination of
elemental analysis and infrared, electronic, and multinuclear
NMR spectroscopies. The pentane solution infrared spectrum
of 1-(CO), exhibits two strong CO bands centered at 1914 and
1974 cntl, demonstrating that, unlike-(Ny)2, both ligands are
retained in solution. The infrared bands appear at lower

or toluene affords a dark, olive green solution. Monitoring the frequency relative to the CO stretching frequencies of 2002 and

dissolution process with a Toepler pump experiment indicated 2024 cnv! observed for neat Fe(C®)This observation is
loss of 1 equiv of dinitrogen, consistent with formationleN,

in solution (eq 2).

consistent with the weaker field of tf8PDI ligand relative to
CO. As expected for a dynamic, five-coordinate Fe(0) complex,

< ~ the'H and3C NMR spectra ofL-(CO), recorded in benzene-
| N | ds or toluenedg display the number of resonances expected for
| T | —2 N @ a molecule withCy, symmetry. The origin of the ligand
AN RNy, +Np Ar/N\F(L/N\Ar symmetrization is likely a Berry pseudorotatférwhere the
lll\N2 A ’L apical and basal CO ligands are equivalent by a rocking through
2 Ar = 2,6-Pry-CgHg 2 the plane of the iron.
1-(N2), 1Nz Preparation of paramagnetle(N,), and 1-N, along with a

diamagnetic reference compouidg(CO),, allows measurement

of the magnitude of the isotropic chemical shifts of the mixture
of dinitrogen compounds in solution. A detailed table of shifts
and their temperature dependencies are presented in the Sup-
porting Information. In general, the observed isotropic shifts

agreement with those observed foi(N,),. This behavior is are consistent with a spin delocalization mechanism where the

reversible as repeated cooling and warming cycles produce thehydrogens in the plane of the iron exhibit the most pronounced

bands assigned tb-(N), and 1-N», respectively. It should be chemical shift differences. For example, the chemical shift of
noted that loss of hfrom 1-(Ny), is faster in toluene, perhaps the imine methyl group for the dinitrogen complexes is centered

owing to the greater solubility of dinitrogen in pentane. at 13.45 ppm at 20C, whereas irl-(CO), this peak appears

The dynamic coordination and dissociation of dinitrogen from at2.12 ppm..S.|m|Iar isotropic shifts are observed forritea
1-(N,), was also investigated by NMR spectroscopy. ACZ5 and para pyridine peaks. In (':ontras.t, thg resonances for the
a solution magnetic moment of 2.53 was measured by Evans orthogonal aryl groups have .|sotrop|c shifts approaching zero
method? for 1-N, and is slightly lower than the value expected (S€€ the Supporting Information).

Further evidence for this equilibrium was also obtained by in
situ infrared spectroscopy. In toluene at 43, a single band
centered at 2036 cm is observed fof-N, (Figure 2). Cooling
the solution to—78 °C under an atmosphere of;roduces
two additional bands centered at 2122 and 2058 ¢cnin

(53) Sur, S. K jintaEaaen1 989 82, 169. (54) Gerloch, M.; Miller, J. RProg. Inorg. Chem1968§ 10, 1.
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CH(CH,),

CH(CH,),
- m,p-Aryl
CH(CH,), _
\‘
CHC=N m-Pyr p-Pyr

N | L PR JL*
13 12 11 10 9 8 7 6 5 4 3 2 i o ﬁ

Figure 3. *H NMR spectrum ofl-(N;)2/1-N; in benzeneds at 22°C.

C(-4.183eV)

D (-4.218 eV)

Figure 4. Selected molecular orbitals &fN, (ADF2003.01, TZ2P, ZORA,
a-spin formalism).

The electronic structures &f(Ny),, 1-N,, and1-(CO), were
investigated with density functional theory (ADF2003.01, TZ2P,
ZORA) and account for the spin delocalization phenomenon

hydrogens. In contrast, the orthogonal aryl groups provide no
contribution to these orbitals, and as a result small isotropic
shifts are observed.

Catalytic Activity of 1-(N 2), in Homogeneous Hydrogena-
tion. With a well-defined iron(0) complex containing labile N
ligands in hand, the catalytic activity 4f(N,), was evaluated
in carbon-hydrogen and carbersilicon bond forming reac-
tions>® Preliminary experiments revealed thit(N,), is an
active precatalyst for the hydrogenation of simple olefins, such
as 1-hexene and cyclohexene, to the corresponding alkanes at
ambient temperature and 1 atm of t&q 4).

cat. 1 -(N2)2

1 atm Hy
22°C
minutes

M N (4

These results prompted a more systematic study of olefin
hydrogenation. Each catalytic reaction was conducted using a
1.25 M solution of olefin in toluene containing 0.3 mol %
1-(Np)2 with 4 atm of hydrogen at 22C. The reactions can
also be efficiently conducted at 1 atm of;H atm was used to
avoid potential complications in comparing relative rates at low
hydrogen pressures. The results of the catalytic hydrogenation

and the observed isotropic shifts. Selected frontier molecular reactions are contained in Table 2. Terminal alkenes such as

orbitals @-spin formalism) of1-N, are presented in Figure 4.
Those forl-(Ny), and1-(CO), are contained in the Supporting
Information. For bothl-N, and 1-(N),, the LUMOs and one

of the singly occupied orbitals (B) are principally thesystem

of the PDI ligand that provides a pathway for the unpaired spin
to delocalize from the iron center. Significant orbital coefficients
are observed on thgara pyridine carbon as well as on=€N,
consistent with the larger isotropic shifts observed for these
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1-hexene and styrene are hydrogenated to the corresponding
alkanes with high activity, proceeding to completion within
minutes under standard conditions. Internal gedidisubsti-
tuted olefins are also effectively hydrogenated, although slightly
longer reaction times are required to reach complete conversion.

(55) Although1-(Ny), loses 1 equiv of dinitrogen in solution, we will refer to
the precatalyst as-(N), throughout the paper as this is the compound
that is isolated and charged into the catalytic reactions.
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Table 2. Olefin szrogenation with 0.3 mol % 1-(N2)o

Table 3. Comparison of 1-(N2), with Traditional Precious Metal
Catalysts for the Hydrogenation of 1-Hexene

Substrate time (min)* tof (mol/hr)’
NN 12 1814 time tof time tof
=/Ph 16 1344 catalyst (min) (mollh) catalyst (min) (mollh)
1-(Ny)2 12 1814  (PPHsRNhCI 12 10
O 380 57 10% Pd/C 12 366  [(COD)Ir(PGypylPFs 12 75
Ph 210 104
= alkynes such as trimethylsilylacetylene have not been successful,
PN 60 363 producing a number of unidentified organic products.
0.3% 1-(N
210 104 Ph—=—=—Ph % o ey Ph~p, ©
CgDs
360 3.3 . . . .
MeOZCJk/C()zMe The high activity of1-(N,), for the catalytic hydrogenation

of olefins and alkynes prompted comparison with traditional
precious metal catalysts. Developing a meaningful, quantitative
comparison is difficult given that each catalyst operates under
a different set of optimized conditions. Each catalytic reaction
Diolefins such as 1,5-hexadiene and){(R)-limonene are  was carried out with 0.3 mol % metal complex in 4 mL of
also rapidly hydrogenated under standard conditions. The toluene with 1-hexene under 4 atm of bt 22°C for 12 min.
activity for 1,5-hexadiene is slightly reduced from 1-hexene, The results from each catalytic experiment are reported in Table
requiring 60 min rather than 12 min for complete consumption 3. The catalytic hydrogenations with #)RhCl produced only
of the diolefin. Hydrogenation of)-(R)-limonene selectively 7% hexane along with considerable amounts of internal hexenes
yields (+)-p-menth-1-ene arising from preferential hydrogena- arising from isomerization of the olefin. Crabtree’s [(COD)Ir-
tion of thegemdisubstituted olefin over the trisubstituted alkene. (PCy;)py]PR® and the ubiquitous heterogeneous catalyst 10%
Functionalized olefins such as dimethyl itaconate are also Pd/C are not as effective 4s(N), under these conditions. As
hydrogenated, although higher catalyst loadings of 5.0 mol % stated previously, however, the precious metal catalysts are
are required for comparable activity. Attempts to hydrogenate known to operate most effectively in polar solvents.
more hindered olefins such as 1-methylcyclohexene and tet- Catalytic Activity of 1-(N »), in Homogeneous Hydrosila-
ramethylethylene under standard conditions have been unsuction. The utility of 1-(N,), for catalytic hydrogenation prompted
cessful, although conjugated dienes such as 1,3-butadieneinvestigation into other types of carbeelement bond forming
hindered terminal olefins such est-butylethylene, and internal  reactions involving insertion mechanisms. The hydrosilation of
olefins such adrans-2-hexene are also readily hydrogenated. carbon-carbon multiple bonds is a powerful, atom-economical
Preparative-scale olefin hydrogenation can also be carried outransformation that provides a flexible route to silanes and
in neat alkene with high activity. For example, addition of 4 alcohols after appropriate oxidati6hWhile radical initiatorg!
atm of H, to neat 1-hexene or cyclohexene with only 0.04 mol and Lewis acid® are known to promote hydrosilation, transition
% (40 ppm)1-(N,), allowed quantitative isolation of hexane or  metal catalysi® has emerged as the preferred method due its
cyclohexane after 19 and 26 h, respectively. Importantly, the high activity, selectivity, and in some cases stereospecifféity.
product can be easily separated from the catalyst by vacuumTraditional hydrosilation catalysts contain precious metals such
transfer. If nonvolatile, liquid substrates are used, the catalyst as platinurf® or rhodium® although several highly active group
can be simply removed by exposing the reaction mixture to air 3 transition met&f and lanthanide-bas&tdcatalysts have also
and filtering away the oxidized iron byproduct. The high activity been reported. In contrast, the development of well-defined
of 1-(N2) in nonpolar solvents or pure substrates contrasts the homogeneous iron catalysts for hydrosilation has been quite
behavior of traditional precious-metal catalysts, which typically |imited. Iron carbonyl complexes such as Fe(g®)drosilate
require polar solvents for optimal activit§>’ Hydrogenations  simple olefins at high temperature, with significant dehydro-
in neat alkene were studied because solvent-free reactions argenative hydrosilation accompanying saturated alkylsilane
environmentally more attractive and obviate the need for formation® Since this seminal discovery, the selective dehy-
product-solvent separatio?f

Internal alkynes such as diphenylacetylene are also effectlvely(59) Crabtree R. %
(60) Hiyama, T.; Kusumoto, T. | Jrost, B.

hydrogenated witli-(N,),. Monitoring the catalytic hydrogena- M., Fleming, I, Eds.; Pergamon Press: Oxford, 1991
i i i i initi (61) Dohmaru T.; Nagata, T.; Tsurugi, 11973 1031.
tion re_actlon in _S|tu by‘H NMR spectroscopy revealed initial, (62) (2) Song. V-5 voo B. R.: Lee. GWI 009
selective formation ofis-stilbene followed by complete conver-

)

)

)

aTime required to reack 98% conversion as judged by GEDeter-
mined on the basis of the time required to reach completidine product
is (+)-p-menth-1-ened A 5 mol % concentration of-(Ny)o.

18, 3109. (b) Yamamoto K Takemae t199Q 259.
sion to bibenzyl (eq 5). Other internal alkynes such as 2-butyne (63) yareiniet, 5. Comprehensie Handbook on HydrosilatianPergamon:
XTOr
can also be hydrogenated, initially producicig-2-butene and (64) Bosnich, B €998 31, 667.
ultimately yielding butane. Attempts to hydrogenate terminal (63) Speier, JL ml977 17, 407.

(66) Chalk, A. J ni97Q 21, 207.
(56) Schrock, R. R.; Osborn, J. Hdﬁ?l 93, 3091.
(57) Betley and Peters have reported a class of rhodium complexes that maintain

(67) For representative examples see: (a) Molander, G. A.; Dowdy, E. D.; Noll,
B. C. SL998 17, 3754. (b) Molander, G. A Knight, E. E.
their activity in nonpolar media: Betley, T. A.; Peters, ) g SiSiitnisia .
.2003 42, 2385.

1998 63, 7009.
(68) Fu, P. F.; Brard, L.; Li, Y.; Marks, T. i d 995 117,
7157
(58) Kimmich, B. F. M.; Fagan, P. J.; Hauptman, E.; Bullock, R. §hem.
Sammun 2004 1014.

(69) Nesrﬁeyanov, A. N.; Freidlina, R. K.; Chukovskaya, E. C.; Petrova, R. G.;
Belyavsky, A. B. batsaagian1962 17, 61.

J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004 13799


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja046753t&iName=master.img-008.png&w=239&h=160

ARTICLES Bart et al.

Table 4. Olefin H¥drosilation with Catalxtic l'SNE!E

Substrate Product time (min)"  tof (mol/hr)”
AN PhHaSi _~_~_~ 60 364
Ph Ph
=/ ~ 90 242
PhH,Si
AN PhHaS8i _~_~_~ 4200 09
SiHoPh
O U 930 23

Ph Ph

= Pthsi/—( 210 104

PhH2Si  _ A~~~ 1110 20
SiHaPh

ONN\F
? 120 182
SiH,Ph

aTime required to reack 98% conversion as judged by GEDeter-
mined on the basis of the time required to reach completi@d% of the (b)
internal hydrosilation product was also obtained.

drogenative hydrosilation of styrene derivatives promoted by
Fey(CO)» has also been describéd.

Reaction of 1-hexene with either PhgibBr PhSiH, in the
presence of 0.3 mol %-(N,), produced rapid hydrosilation over
the course of minutes at ZZ (eq 6). In both cases, the anti-
Markovnikov product was formed exclusively and the hydrosi-
lation with PhSiH proceeded much faster than the correspond-
ing reaction with P§SiH,.

Figure 5. (a) Molecular structure ofi.-(PhC=CPh) (30% probability
ellipsoids). Hydrogen atoms omitted for clarity. (b) View of the core of the

molecule.
o~ ¢ (PhRsH, 210 (PRSI~ ®
22°C Synthesis and Characterization of Potential Catalytic
R=H,Ph Intermediates. In an attempt to gain a better understanding of

the mechanisms of both catalytic hydrogenation and hydro-
silation, several stoichiometric reactions wilh(N,), were
conducted. One observation was that the catalytic reactions

of PhSit} in pentane solution in the presence of 0.3 mol % n4erg0 a striking color change from green to red upon addition
1-(Np)2. The progress of each reaction was monitored by 9as ot giefin or alkyne. Mixing 1 equiv of PR&CPh and solid

chromatography and the identity of each hydrosilation product 1_\,), followed by addition of pentane resulted in liberation
detgrmmed by multinuclear NM,R spectroscopy and by COM- 1t 2 equiv of dinitrogen (confirmed by Toepler pump analysis)
parison of GC traces of authentic samples. The results of this 5,4 tormation of a red solution. Recrystallization-a85 °C
study are presented in Table 4. The relative rates of hydrosilation 5),ved isolation of red crystals identified as the alkyne complex
follow the same trend as those of hydrogenation, where terminal 1-(PhC=CPh) (eq 8). Significantly, independently prepared
alkenes such as 1-hexene and styrene react most rap'dlyl-(PhCECPh) is catalytically competent for both olefin hy-

followed by gemdisubstituted oleﬁns and intlerna.l olefins. In drogenation and hydrosilation with turnover frequencies identical
the case ofrans-2-hexene, the terminally functionalized product ;, ose ofL-(N>),

predominates, although significant quantitie®26%) of internal

On the basis of these results, the ambient temperature
hydrosilation of a series of olefins was examined using 1 equiv

silanes are also obtained. Significantly, no products arising fro ~ N
dehydrogenative hydrosilation were observed. | e ' N7
The hydrosilation of alkynes was also examined and proceed /NI\FI/IN v Ph——p _Pentane /NI\Fl,/lN\ ®
efficiently under mild conditions. Addition of PhSiHo Ph- Ar ?\N Ar 2N, Ar D P’:
C=CPh produced the corresponding silylolefin in quantitative Ne 2 Ar = 2,6/Pry-CeHg o
yield (eq 7). Reaction with excess silane was not observed_ eve 1-(Na)o 1-(PhC=CPh)
in the presence of large excesses5(equiv) due to steric
hindrance of the resulting silylalkene. The solid-state structure df-(PhC=CPh) was determined
. by single-crystal X-ray diffraction and is shown in Figure 5.
0.3 % 1-(N), SiHePh Selected bond distances and angles are presented in Table 5. In
Ph—=——P TiHS’ — @) viewing the structure oi-(PhC=CPh), it is apparent that the
Bh al overall geometry of the molecule has changed dramatically from

(70) Kakiuchi, F.; Tanaka, Y. Chatani, N.; Mura, S99 t_hat of 1-(N)2. Both_thg _iron atom and the carbon of the alkyne
456, 45. ligand, C(11), are significantly displaced from the plane defined
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Table 5. Selected Bond Distances and Angles for 1-(PhC=CPh)

distance angle
A (deg)

C(10y-C(11) 1.283(6) C(10yFe(1)-C(11) 38.55(19)
Fe(1)-C(10) 1.934(5) C(10)yC(11)}-C(12) 153.1(5)
Fe(1)-C(11) 1.952(5) C(11C(10)-C(18) 147.2(5)
Fe(1)-N(1) 2.039(4)  N(1yFe(1)-N(2) 77.89(15)
Fe(1y-N(2) 1.908(4) N(2)yFe(1)y-N(3) 78.06(15)
Fe(1)-N(3) 2.039(4)  N(1yFe(1)-N(3) 143.37(15)
N(1)—C(2) 1.326(6)
N(3)—C(8) 1.326(6)
deviation of Fe(1d  0.587
deviation of C(11j  1.794

a Deviation from the plane defined by N(N(2)—N(3).

by the three nitrogens of the PDI ligand (Table 5). Applying
the Dewar-Chatt-Duncanson model for olefin coordinatiéh,
1-(PhC=CPh) can be described either as a distorted five-
coordinate Fe(ll) complex or as a pseudotetrahedral iron(0)
compound. The carbercarbon bond length of the coordinated
alkyne is 1.283(6) A, significantly elongated from thesC
bond length of 1.210(3) A reported for free PRECPh?2 and

is consistent with considerabfe-back-bonding from the iron
center.

The molecular structure ol-(PhC=CPh) also provides
insight into the nature of substrateatalyst interaction. In
addition to the previously noted deviation in molecular geom-
etry, the phenyl ring attached to C(10) is oriented almost
perpendicular to the iroAP'PDI ligand plane, most likely to
avoid unfavorable steric interactions with the isopropylaryl
groups flanking the iron atom. In contrast, the phenyl substituent
attached to C(11) lies nearly parallel to the ligand plane and is
significantly rotated with respect to the other phenyl substituent,
nestled between the two aryl rings of the PDI ligand.

Solution magnetic measurements also support the Fe(0)/
Fe(ll) bonding description. The magnetic moment in benzene-
ds at 22°C was found to be 2.74g, in reasonable agreement
with the spin-only value for a = 1 molecule. Two unpaired
electrons are consistent with both a formall§ tétrahedral
Fe(0) complex or an intermediate spifi Ee(ll) compound.
Unlike 1-N,, theH NMR spectrum ofl-(PhC=CPh) is broad
and featureless and has not proven useful for characterization
This behavior is most likely due to the displacement of the iron
atom from the ligand plane, reducing the overlap required for
conjugation with the pyridiniminer-system, thereby placing
the unpaired spins in iron-based d-orbitals.

Provided the activity ofL-(N,), for catalytic hydrogenation
and hydrosilation, the stoichiometric reactions of the iron bis-
(dinitrogen) complex with Kland silanes were also investigated.
Stirring a pentane solution of-(Ny), with excess PhSikl
followed by recrystallization at-35 °C afforded a green
crystalline solid identified as the iron(0) bis(silane) complex
(PPDI)Feg2-SiHsPh) (1-(Si)) (eq 9). The solution magnetic
moment was determined in benzemeat 22°C and found to

2 PhSiHg N| | |N
TN, | AT TR N
2 }/SngPh
PhH,Si—H
1-(Si)a

(9)

Figure 6. (a) Molecular structure of-(Si) (30% probability ellipsoids).
Hydrogen atoms, except silane hydrogens, and cocrystallized pentane
molecule omitted for clarity. (b) View of the core of the molecule.

be 2.68ug, consistent with ai$= 1 high spin, five-coordinate
Fe(0) complex. Isolated-(Si), is an effective precatalyst for

the hydrosilation of 1-hexene.

The solid-state structure af(Si) was determined by X-ray
diffraction, and the molecular structure is shown in Figure 6.
Accompanying selected bond distances and angles are reported
in Table 6. The data were of sufficient quality such that all of
the hydrogen atoms were located and freely refined. The
geometry of the molecule is similar to that d¥(N,), and is
best described as distorted square pyramidal with basal and
apical silane ligands. As witth-(N,),, the iron atom is nearly
coplanar with the three nitrogens of tH&PDI ligand being
raised out of the plane by 0.260 A. The basal silicon is raised
out of the plane by 0.209 A, more so than the basaligdand
in 1-(N)2. This distortion is most likely a consequence of the
o-coordination of the bulky silane as compared to linear N
The phenyl rings of the silane ligands adopt an orientation
similar to that observed in the alkyne addde{PhC=CPh).

The basal phenyl ring lies essentially in the pocket formed by

(71) Miessler, G. L.; Tarr, D. Alnorganic Chemistry3rd ed.; Prentice Hall:
Upper Saddle River, NJ, 2004; p 482.

(72) Zanin, I. E.; Antipin, M. Y.; Struchkov, Y. Tigisislittgieg 1991 36,
411.
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Table 6. Selected Bond Distances and Angles for 1-(Si)»

distance angle
G (deg)

Fe(1y-H(1M) 1.45(3) Fe(1)Si(1)—H(2Mm) 35.8(9)
Fe(1y-H(2M) 1.51(3) Fe(1)Si(2)—H(1M) 38.5
Fe(1)Si(1) 2.4733(7) H1SASI(1)-H1SB  111.3(14)
Fe(1)-Si(2) 2.3266(8) H2SASi(2)-H2SB  105.7(15)
Si(1)—H2(M) 1.59(2) H2M-Si(1)—C(34) 95.8(9)
Si(2)—H1(M) 1.82(3)
Si(1)-H1SA 1.41(2) N(1)-Fe(1}-N(2) 79.61(9)
Si(1)-H1SB 1.39(3) N(2)Fe(1)-N(3) 79.52(8)
Si(2)-H2SA 1.33(2) N(1)-Fe(1)}-N(3) 155.62(8)
Si(2)-H2SB 1.38(2) N(2)Fe(1)-Si(1) 170.69(7)
Fe(1y-N(1) 1.9550(19)  N(2yFe(1)-Si(2) 80.97(6)
Fe(1y-N(2) 1.8399(19)
Fe(1)-N(3) 1.9525(19)
N(1)—C(1) 1.334(3)
N(3)—C(7) 1.327(3)
deviation of Fe(1d  0.260
deviation of Si(13  0.209

a Deviation from the plane defined by N(N(2)—N(3).

the isopropylaryl groups, while the apical phenyl group is again
oriented to avoid steric interactions with the flanking isopropyl
groups and is slightly twisted from the plane defined by
Si(1)—-Fe(1)-Si(2).

The silicon—hydrogen distance of the basalcomplexed
silane is slightly elongated to 1.59(2) A in comparison to the
values of 1.39(3) and 1.41(2) A for the free silicon hydrogens,
values in good agreement with those of free sildid@he apical
o-complexed silicorrhydrogen bond shows much greater
elongation with a bond length of 1.82(3) A in comparison to
free Si-H bond lengths of 1.38(2) and 1.33(2) A. The longer
apical silicor-hydrogen bond may result from greater overlap
of the iron g, and g, orbitals with the Si-H o*-orbital. The
iron—silicon bond lengths (Table 6), while typically not a
reliable measure ob-complexation, are within the range
typically found in irono-complexes?

The solution structure oi-(Si), was elucidated by multi-
nuclear NMR spectroscopy. Unlikie(N,),, both silane ligands
in 1-(Si), are retained in solution, demonstrating the higher
affinity of the LsFe(0) fragment for silane-complexation over
coordination of N. At 20 °C, benzenelks solutions of1-(Si)

exhibit broadened resonances that are a result of either

The resonance centered-&0.02 ppm exhibits cross-peaks with
the ligand isopropyl groups, while the resonance centered at
—7.02 ppm displays no through-space interactions with the aryl
rings. On the basis of these data, the peak-@t02 ppm is
assigned to the apical silane, whereas the resonanc&.ag
ppm corresponds to the basal silane. The observatioBsof
ligand symmetry in combination with two distinct silane
environments clearly establishes a higher barrier for intra-
molecular dynamics than is observed 18(CO), and1-Cl,.16
Applying the rocking mechanism suggested f{CO),, a
higher barrier forl-(Si) would be anticipated due to the larger,
three-dimensional features of the silane ligands.

A two-dimensional'H—2°Si HMBC experiment was also
conducted to correlate thg-Si—H bonds with the appropriate
free Si-H resonances. The data clearly establish that the singlet
observed at 2.73 ppm corresponds to the uncomplexet Si
bonds from the apical silane at0.02 ppm whereas the singlet
at 6.03 ppm corresponds to the basal silane resonatin@.a2
ppm. The remaining assignments fbi(Si), can be found in
the Experimental Section.

Additional information regarding the solution structure of
1-(Si), was obtained from one-dimension®@5i NMR spec-
troscopy. Theé®Si NMR spectrum was recorded-aB0 °C and
exhibited two sets of resonances for the inequivalent silane
ligands (Figure 7). The first, centered at 50.23 ppm, displays
coupling to both the terminal SiH bonds and the silicon
hydrogen bond engaged in bonding to the iron center. From
this peak,lJsiy coupling constants of 54 and 196 Hz were
measured for thg?-Si—H and free Si-H bonds, respectively.
The second®Si resonance, centered a#4.58 ppm, yielded
larger coupling constants of 119 and 220 Hz for the bound and
free silicon hydrogens, respectively. The values of thgy
coupling constants are well within the range typically assigned
to silanes-complexe$*7®and indicate that in solutiof-(Si),
is best viewed as a high spin® distorted square pyramidal
iron complex. This formulation is in agreement with both the
solid-state structure and the crystal structure observed for
1-(Ny)2. Moreover, the largetJsiy coupling constant observed
for the basal silane ligand is consistent with the shortertSi
bond observed in the solid-state structure.

While several iron silaneg-complexes have been reported,

paramagnetism or ligand exchange dynamics that are on themost are dinucleat Thus, structural characterization b{Si),

time scale of the NMR experiment.
Cooling a toluenadg sample to temperatures below20 °C
produces sharp signals that dispfdyy coupling. Importantly,

is a rare example of a mononuclear iron bis(silane) comffiex.
Monomeric phosphine complexes such &8(jPhP)FeHs-
SiMePh’” and (dppe)(CQJfe(H)SiR (dppe= diphenylphos-

the chemical shifts of these resonances do not change dramatiphinoethane; R= OMe, OEt, MeJ® have been reported

cally as is observed fot-N,, suggesting that the broadening

previously and characterized in solution by NMR spectroscopy.

observed at room temperature is due to a dynamic process ratheyariable-temperature NMR experiments demonstrated the flux-

than paramagnetism. Low temperature, static spectta(8f),
display Cs molecular symmetry consistent with the solid-state

ional behavior of these molecules.
The analogous reactivity df(N,), with dihydrogen was also

structure, which contains an idealized mirror plane of symmetry explored. Exposure of a benzedesolution of1-(Ny) to 1 atm
bisecting the basal silane ligand. Complete assignment of eachyy H, produced a brown solution. Analysis BYH NMR
"'PDI ligand resonance was accomplished by gCOSY and spectroscopy revealed complete consumption of the starting

ROESY NMR experiments, the full details of which can be
found in the Experimental Section. Over all temperatures
studied, two resonances upfield of Silvige observed at0.02
and—7.02 ppm and assigned to thecomplexed Si-H bonds.

A NOESY experiment, in conjunction with the ROESY data,

was used to definitively assign the apical and basal ligands.

(73) Kawachi, A.; Tanaka, K.; Tamao, iSussassestelias1 997 16, 5102.
13802 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004

dinitrogen complex with concomitant growth of a nedy,

(74) Corey, J. Y.; Braddock-Wilking, . 1999 99, 175.
(75) Schubert, U| n99Q 30, 151.
(76) Other bis(silane) complexes: (a) (Ru) Delpech, F.; Sabo-Etienne, S.;

Chaudret, B.; Daran, J.- d997 119 3167. (b) (Ir)
Luo, X.-L.; Crabtree, R. H d.989 111, 2527.
(77) Schubert, U.; Gilbert, S.; Mock, &hem. Ber1992 36, 2628.

(78) Gilbert, S.; Knorr, M.; Mock, S.; Schubert, |, i.094
480, 241.
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Figure 7. 2°Si NMR spectrum ofl-(Si), at —80 °C in toluenesls.

symmetric product with spectral features nearly identical tothos¢
of 1-N,. On the basis of the NMR data, elemental analysis, | s |
isotopic labeling, and Toepler pump analysis, the product is

—1{N2)
e 1-( 52
E—_a

assigned as the iron(0) dihydrogen compleki, (eq 10). A
254
X AS s
» ® I,
I N ot 0] (10 )
—_—— 154
Ar/ \FT/ \Ar W AI’/ \Fe/N\AI’
N2 H-H i
1-N2 1-H2

05 \\//\,_/' \

While all of the ligand resonances are observed and can bg o : e . e

readily assigned (Experimental Section), signals attributable t o " = Gl = o i

the dihydrogen ligands have not been located. Attempts to Figure 8. Electronic spectra af-N,, 1-(CO),, 1-(Si), and1-(PhC=CPh)

observe IR bands for the dihydrogen (or dideuterium) ligand recorded in pentane at 2Z.

have also been unsqccess_'fm'_Add't'on of even tra_ce amountSTable 7. Absorption Maxima (nm) and Extinction Coefficients for

of N> to 1-H; results in rapid displacement of the dihydrogen the Series of Fe(0) Compounds

molecule and quantitative regenerationleN,. This extreme N, (Na) 1(CO), 1(Si 1-(PhC=CPh)

nitrogen sensitivity makes handling and isolating pareél, PE—

challenging. Comparison of the relative stability of each iron-

(Q) compound allows ordering of the ligand preferences for the 43;21% 2988 ggi i;g gggg igg 135888 2&2 §§88

(P"PDI)Fe(0) fragment as PhSiH N2 > Ha. 657 2000 883 817 1800 560 3500 789 1000
The solution magnetic susceptibility &fH, was determined 950 790 685 3300

in benzeneds and found to be 2.70g at 22°C, consistent with 916 790

an S = 1 ground state. This value, taken in conjunction with aMeasured in nanometers. Referencaga(®PDI) = 354 nm, imar

the NMR data, suggests that the structurdoi; is similar to (2-Cl3) = 370 nm.P Spectrum recorded at78 °C.

that of 1-N,, although an iron(ll) dihydride cannot be definitively

excluded. Presumably the electron-withdrawing character of the or an oxidative additiorreductive elimination sequence pro-

PrpDI ligand renders the iron center sufficiently electron duces isotopic exchange. Subsequent reductive elimination of

b
max” € Amax Amax € Amax € Amax €

deficient to inhibit oxidative addition of either tbr silane. a C-D bond generates the observed product.

Significantly, isolated samples df-H, are competent for the Electronic Spectra of (P'PDI)Fe(0) ComplexesThe elec-

catalytic hydrogenation of olefins and alkynes with activities tronic structure of the series of iron(0) compounds reported in

similar to those ofL-(Ny).. this work was investigated by UWis spectrophotometry. To
Preparation of the corresponding bis(deuterium) compiBx aid with spectral assignment, the synthesis of"#DI metal

was accomplished by addition of 1 atm of Bas to1-(Ny).. complex that would not be complicated by-d transitions or

Monitoring benzene solutions of the organometallic product by MLCT bands was targeted. For this reasd®POI)ScCh (2-

2H NMR spectroscopy as a function of time did not result in Cl3) was prepared and crystallographically characterized and
location of the;?-D; ligands but was effective in demonstrating its electronic spectrum recorded (see the Supporting Informa-
selective deuterium incorporation into the isopropyl methyl tion).

groups. The exchange process takes place over the course of Variable temperature electronic spectroscopy provided ad-
several days at ambient temperature and is much slower thanditional evidence for the reversible dissociation and recoordi-
the time scale of a catalytic hydrogenation reaction. A proposed nation of dinitrogen from1-(Nz),. The spectrum of1-N;
mechanism that accounts for the experimental observations isrecorded at 22C in pentane is presented in Figure 8 and
presented in the Supporting Information. Although many exhibits four bands (Table 7). Upon cooling 678 °C, these
pathways involving a range of intermediates are possible, we bands disappear at the expense of three new bands that are
favor loss of they2-D; ligands to form a five-coordinate, 16-  assigned to the five-coordinate, bis(dinitrogen) compléii,),.
electron iron(ll) cyclometalated hydride, in analogyit€l,.16:17 This behavior is in agreement with the in situ solution IR data.
Exchange of the hydride for the deuteridedsppond metathesis  Band assignments, while tentative, are based on spectra recorded
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for the free ligand,2-Cl;, and literature dat&.18 For 1-N,,

hydrogenation reaction. The analogous experiment wig2-

charge-transfer bands centered at 342 and 423 nm are observelutene also provided butarnke:-however, a 2:1 ratio of internal

along with strong intensity-stealing MLCT bands centered at
657 nm’® A weaker d-d transition is observed at 950 nm.
Similar features are observed fb#(CO), and 1-(Si), (Figure
8, Table 7). In these molecules, thed bands most likely arise
from the dipole- and spin-alloweiB; — 3E transition typically
observed for isoelectroni§ = 1, square pyramidal Ni(ll) @
complexes$?

The electronic spectrum df(PhC=CPh) (Figure 8) reflects
the structural difference of the molecule as compared(cO),
or 1-(Siyp. Recall that the iron atom irl-(PhC=CPh) is
displaced significantly from the basal plane, resulting in a
pseduotetrahedral rather than a square pyramidal iron(0) cente
The intraligand-charge-transfer band is red shifted significantly
and has a much lower extinction coefficient than that of the

to terminal deuterium was observed in this case. The migration
of the deuterium label from the internal to the terminal position
demonstrates the proclivity of internal olefins to participate in
alkyl migrations during catalytic hydrogenation. This behavior
is reminiscent of group 4 metallocene alkyl hydride complexes,
where internal alkyls undergo facile chain isomerization and
isotopic scrambling reactions, while terminal alkyls do #ot.
As reported in an earlier section, treatmentlefN,), with

D, gas resulted in isotopic exchange of the isopropyl methyl
substituents arising from reversible cyclometalation. To deter-
mine whether this process is competitive with olefin hydrogena-
ltion, the catalytic deuteriolysis of 1-hexene was performed. After
the reaction was complete, the hexahevas removed and the
catalyst solution was treated with 1 atm of CO to generate

square pyramidal compounds. Likewise, weaker intensity M_LCT diamagneticl-(CO),. Analysis of this compound b3H NMR
bands are also observed at 468 and 789 nm. No bands assignablgpectroscopy revealed no deuterium incorporation into the

to d—d transitions were located.

Isotopic Labeling Studies and Mechanistic Insights.A
series of isotopic labeling studies was also performed with the
intent of providing additional mechanistic insight into iron-

ligand, demonstrating that cyclometalation is not competitive
with terminal olefin hydrogenation.

Addition of excess olefin td-(N), without dihydrogen or
silane produced red solutions, most likely due to the formation

catalyzed hydrogenation and hydrosilation. The stereochemistryqt glefin complexes in analogy to isolatet{(PhC=CPh).

of initial hydrogen addition was established by addition of D
to an olefin, where isotopic scrambling is prohibited by restricted
pB-hydrogen elimination. Deuteriolysis of norbornene in the
presence of catalytit-(N,), affordedexgexo2,3-d,-norbornane
exclusively, consistent witeynaddition of Dy (H) (eq 11)8°
This result is also in agreement with the observatiorcief

Allowing solutions containing 1-butene to stand at ambient
temperature in the presence of catalyti¢N,), resulted in net
alkene isomerization to yield an equilibrium mixturead- and
trans-2-butene. Similar results were also obtained for 1-hexene,
where a mixture of 2- and 3-hexenes is observed (eq 13).
Quantitation of the internal hexenes was not possible due to

stilbene as the sole organic intermediate in the hydrogenationove”apping resonances in thd NMR spectrum.

of diphenylacetylene to bibenzyl.

Lb B S
5 mol % 1-(No), HD

5 mol % 1-(Na)a

Y e

+

/ - \
(13)

5 mol % 1-(N.
NN 5 mol % 1-(No)z. P F\__\ + 3-hexenes

The addition of D to alkenes that could participate in facile
fS-hydrogen elimination and subsequent “chain running” pro-

Samples of pure internal olefins such @s- and trans-2-

cesses was also investigated. Deuteriolysis of 1-butene with 5butene isomerize in the presence of catalytic amofi(isy).

mol % 1-(N,), rapidly afforded butanek in quantitative yield
(eq 12).

ot

(1:1 by 2H NMR)

D>

/\/
5 mol % 1-(Ny),

(12)

ot

(1:2 by 2H NMR)

D2
5 mol % 1-(Np),

/N

Analysis of the product byH NMR spectroscopy revealed a
1:1 ratio of the isotopic label in the terminal and internal
positions of the butand,, indicating that terminal olefins do
not undergo competitive chain running processes. This result
also demonstrates that the olefin inserts solely in a 1,2-fashion
and that isomerization of the iromalkyl hydride to thesece

alkyl hydride is not competitive on the time scale of the catalytic

(79) Harris, D. C.; Bertolucci, M. D.Symmetry and Spectroscopy: An
Introduction to Vibrational and Electronic Spectroscoppver: New York,
1978; Chapter 5.

(80) Marchand, A. P.; Marchand, N. Viiiesisssasssiagtt1971, 18, 1365.
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to an equilibrium mixture of 2-butenes (eq 14).

It is important to note that the rate of terminal olefin isomer-
ization is much slower than that of catalytic hydrogenation or
hydrosilation. Internal olefins are not observed during the course
of the catalytic reaction. While a detailed mechanistic investiga-
tion of olefin isomerization promoted b¥-(N,). is currently
under investigation, we favor an allyl hydride intermediate
originally proposed by Casey and Cyr for similar reactions
promoted by Fe(CQ)y?

A mechanism consistent with the experimental data collected
is presented in Figure 9. Loss of 2 equiv of fkom 1-(Ny). (or
alternatively 1 equiv froml-N;) affords the active kFe(0)
fragment. The next step, olefin coordination, is preferred over
oxidative addition of H given the extreme nitrogen sensitivity
of 1-H, and observation and crystallographic characterization

5 mol % 1-(N3)s

(14)

/V

(81) Chirik, P. J.; Day, M. D.; Labinger, J. A.; Bercaw, J s c.
1999 121, 10308.

(82) Casey, C. P.; Cyr, C. HinsinmnSismmmmii 3973 95, 2248.
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Figure 9. Proposed mechanism for catalytic hydrogenation Wi{iN,),.

of 1-(PhC=CPh). However, this anecdotal evidence does not
definitively exclude an iron(ll) dihydride in the catalytic cycle.
Following olefin coordination, oxidative addition of ;H
provides a formally 18-electron olefin dihydride intermediate.
Olefin insertion and subsequent alkane reductive elimination
afford the alkane product and regenerate thleel(0) fragment.
Isotopic labeling studies establish chain running in internal

Solvents for air- and moisture-sensitive manipulations were initially
dried and deoxygenated using literature procedtfrestgon and
hydrogen gas were purchased from Airgas Inc. and passed through a
column containing manganese oxide supported on vermiculite and 4
A molecular sieves before admission to the high-vacuum line. Benzene-
ds and tolueneds were purchased from Cambridge Isotope Laboratories,
distilled from sodium metal under an atmosphere of argon, and stored
over 4 A molecular sieves or sodium metal. 1-Hexene, cyclohexene,
1-methylcyclohexene, styrene, phenylsilane, and diphenylsilane were
purchased from Acros, dried over LiAlknd either vacuum transferred

or distilled before use. Norbornene was purchased from Acros and dried
over LiAIH,4 by melting at 60°C in an evacuated vessel and stirring
for 24 h. The olefin was separated from the drying agent by vacuum
transfer. {)-(R)-Limonene andx-methylstyrene were purchased from
Aldrich, dried over LiAlH;, and vacuum distilled. Diphenylacetylene
was recrystallized from pentane, dried under high vacuum for 16 h,
and then recrystallized from dry pentane in the drybox. Carbon
monoxide was purchased from Aldrich and passed through a liquid
nitrogen cooled trap immediately before use. The ligands (2,6-
CHMe,CgH3),N=CMe),CsH3N, 1-Cl,,'6 and 1-Br, were prepared
according to literature procedures.

IH NMR spectra were recorded on Varian Mercury 300 and Inova
400 and 500 spectrometers operating at 299.763, 399.780, and 500.62
MHz, respectively. All chemical shifts are reported relative to the peak
for SiMe, using *H (residual) chemical shifts of the solvent as a
secondary standard. For paramagnetic moleculestHhEMR data
are reported with the chemical shift followed by the peak width at half-
height in hertz or multiplicity, the integration value, and, where possible,
the peak assignment?Si NMR spectra were recorded on an Inova
500 spectrometer operating at 99.320 MHz, and were referenced to
that for 50% SiMe in toluene.

Single crystals suitable for X-ray diffraction were coated with
polyisobutylene oil in a drybox and were quickly transferred to the
goniometer head of a Siemens SMART CCD area detector system

olefins that accompanies hydrogenation, suggesting competitiveequipped with a molybdenum X-ray tube 0.71073 A). Preliminary

B-hydrogen elimination of the intermediate ircsecalkyl

data revealed the crystal system. A hemisphere routine was used for

complex to yield the terminal olefin dihydride intermediate. The data collection and determination of lattice constants. The space group
reverse procesgi-hydrogen elimination of the primary alkyl  was identified, and the data were processed using the Bruker SAINT
to yield the internal alkyl complex, does not compete with program and corrected for absorption using SADABS. The structures
catalytic turnover. In the absence of dihydrogen, olefin isomer- were solved using direct methods (SHELXS) completed by subsequent
ization is observed and most likely proceeds through allylic Fourier synthesis and refined by full-matrix least-squares procedures.

C—H bond activatiorf? This reaction is also not competitive
with olefin hydrogenation as no isomerized product is observed
during the hydrogenolysis of eithers- or trans-2-butene.
Catalytic hydrosilation most likely proceeds through a mech-
anism similar to that of hydrogenation. While definitive isotopic

All calculations were performed with the Amsterdam Density
Functional (ADF2003.01) suite of progrartfs®® Relativistic effects
were included using the zero-order regular approximation. The Vosko,
Wilk, and Nusair (VWM) local density approximati®hand Becke's
exchang® and Perdew’s correlati6h(BP86) were used. The cores of
the atoms were frozen up to 1s for C, N, and O and 2p for Fe.

labeling studies have not yet been performed, we believe anuncontracted Slater-type orbitals (STOs) of trigilgjuality with two

intermediate iron olefin complex undergoes oxidative addition
of silane to yield an iron(ll) olefin silyl hydride. Isolation of
the iron(0) bis(silane) complex argues against direct oxidative
addition to the kFe(0) fragment. The observed products are
most likely a result of ligand-induced oxidative addition
followed by Chalk-Harrod or modified ChalkHarrod insertion
and reductive elimination pathway%72More detailed kinetic,
isotopic labeling, and mechanistic studies are currently under
investigation, and the results of these studies will be reported
in due course.

Experimental Section

General Considerations.All air- and moisture-sensitive manipula-

tions were carried out using standard vacuum line, Schlenk, and cannula

techniques or in an M. Braun inert atmosphere drybox containing an
atmosphere of purified nitrogen. The M. Braun drybox was equipped
with a cold well designed for freezing samples in liquid nitrogen.

polarizations were employed. This basis set is denoted TZ2P in the
ADF program. Each geometry optimization was carried out without

(83) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
F. Js1996 15, 1518.
(84) te Velde, G.; Bickelahaupt, F. M.; van Gisbergen, S. J. A.; Fonseca Guerra,
C.; Barends, E. J.; Snijders, J. G.; Zielger jifnumimiiay 001, 22,
931.
(85) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; BaerengJhadr.
Mcmga 99, 391.
(86) Baerends, E. J.; Autschbach, J. A.; Berces, A.; Bo, C.; Boerrigter, P. M.;
Cavallo, L.; Chong, D. P.; Deng, L.; Dickson, R. M.; Ellis, D. E.; Fan, L.;
Fischer, T. H.; Guerra Fonseca, C.; van Gisbergen, S. J. A.; Groeneveld,
J. A.; Gritsenko, O. V.; Gming, M.; Harris, F. E.; van den Hoek, P.;
Jacobsen, H.; van Kessel, G.; Koostra, F.; van Lenthe, E.; Osinga, V. P.;
Patchkovshii, S.; Philipsen, P. H. T.; Post, D.; Pye, C. C.; Ravenek, W.;
Ros, P.; Schipper, P. R. T.; Schreckenbach, G.; Snijders, J. G.; Sola, M.;
Swart, M.; Swerhone, D.; te Velde, G.; Vernooijs, P.; Versluis, L.; Visser,
0.; van Wezenbeek, E.; Wiesenekker, G.; Wolff, S. K.; Woo, T. K.; Ziegler,
T. ADF2002.03, SCM, Theoretical Chemistry, Vrije Universiteit, Amster-
dam, The Netherlands; http://www.scm.com/.
(87) Vosko, S. H.; Wilk, L.; Nusair, M $199Q 58, 1200.
(88) Becke, A. D.Phys. Re. 1988 A38 2398.
(89) Perdew, J. PPhys. Re. 1986 B33 8822.
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symmetry constraints. The orbital pictures shown in Figure 4 were CHMe,), 0.75 (sept, 16 Hz, 4H,1@Mey), 1.13 (d, 8 Hz, 12H, CHNley),
generated using MOLEKE® to process the ADF results. 2.58 (s,Aviz = 20 Hz, 1H,p-Pyr), 7.68 (m, 6Hm,p-aryl), 10.11 (d,
Catalytic reactions were assayed by gas chromatography by com-10 Hz, 2H,p-Pyr), 13.61 (SAvi2 = 56 Hz, 6H, N=C(Me)). IR (toluene,
parison to authentic samples. Gas chromatography was performed or23 °C): wy, = 2036 cnT'. IR (pentane):vy, = 2046 cnT™.
a Shimadzu GC-2010 gas chromatograph equipped with an RTX-5  preparation of 1-(N;): Method 2. A 50 mL round-bottomed flask
capillary column (15 m) with an injector temperature of 2&Dand a was charged with 0.102 g (0.15 mmol) bBr and approximately 30
detector temperature of 250C. The methods used for separating | of diethyl ether. The resulting blue suspension was cooled3
hydrogenation substrates and products are as follows: cyclohexenelc i the drybox freezer. Via microsyringe, 0.293 mL (0.293 mmol)
cyclohexane, 1-hexenehexane, 1,5-hexadiemehexane, and 1-me- ot 4 1.0 M solution of NaBEH in toluene was added to the reaction
thylcyclohexene/methylcyclohexane used an oven temperature of 27,41 After being stirred under aMtmosphere at ambient temperature
°C fczr 12 min, with a ramp rate of 4C/min to a final temperature of ¢ 3 the green-purple solution was filtered through Celite, and the
150 °C for 10 min, {+)-(R)-limonene/{-)-p-menth-1-ene and nor-— yolatiles were removed from the filtrate in vacuo. Recrystallization of
bornene/norbornane used an oven temperature GICS@r 30 min, the resulting residue from pentane-&85 °C afforded analytically and
and styrene/ethylbenzeremethylstyrene/cumene, andethylstyrene/ spectroscopically puré-(No)s.

2-phenyl-1-butene used an oven temperature df@r 2 min, with . ) .
Preparation of (P"PDI)Fe(CO), (1-(CO),). A thick-walled glass

a ramp rate of 10C/min to a final temperature of 11 for 20 min. . -
The methods used for separating hydrosilation substrates and producty/€SSel was charged with 0.030 g (0.051 mmol)-gR)., approximately
10 mL of pentane, and a stir bar. On the high-vacuum line, 1 atm of

are as follows: cyclohexene, 1-hexene, and 1,5-hexadiene from the

products used an oven temperature of°80for 2 min, with a ramp CO was added. Upon addition, the dark green solution turned green-
rate of 10°C/min to a final temperature of 11T for 20 min, ¢)- red. After the solution was stirred for 1 h, the excess CO and solvent
(R)-limonene, styreneg-methylstyrene, and diphenylacetylene from Were removed in vacuo to yield 0.026 g (88%) of an olive green solid
the products used an oven temperature of 3@Cfor 1 min, with a identified as1-(CO),. Anal. Caled for GsHsNsOFe: C, 70.82; H,
ramp rate of 20°C/min to a final temperature of 24T for 15 min. 7.30; N, 7.08. Found: C, 70.60; H, 6.94; N, 6.88.NMR (benzene-

UV —vis spectra were recorded on a Hewlett-Packard 8543E spec- dg): 0 = 0.96 (d, 8 Hz, 12H, CMley), 1.40 (d, 8 Hz, 12H, CMley),
trophotometer. Absorbance spectra were collected from 300 to 11002-08 (s, 6H, Cie)), 2.77 (q, 16 Hz, 4H, EMe,), 7.12-7.23 (n,p-
nm. Stock solutions were prepared by dissolving 0.005 g of the desired &yl, p-Pyr), 7.63 (d, 10 Hz, 2Hm-Pyr). *C NMR (benzeneg): 6 =
compound in pentane and diluting to 25.00 mL. Subsequent solutions 16.21 (CMe)), 24.57 (CHVe;), 25.00 (CHVey), 27.70 CHMey),
for Beer's law plots were made with 2.00, 3.00, or 4.00 mL of stock 117.525,121.38, 123.75, 126.62, 140.30, 145.53, 149.78, 155.68 (aryl,
solution and dilution of the sample to 6.00 mL. Solution infrared spectra Pyr, imine). IR(pentane)vco = 1914, 1974 cm*.
were recorded with an in situ IR spectrometer fitted with a 30-bounce,  Toepler Pump Experiment for Characterization of 1-(Ny).. A 100
silicon-tipped probe optimized for sensitivity. The spectra were acquired mL round-bottomed flask was charged with 0.095 g (0.16 mmol) of
in 16 scans (30 s intervals) at a gain of 1 and a resolution of 4. A 1-(N,), and 0.030 g (0.17 mmol) of diphenylacetylene. Vacuum-
representative reaction was carried out as follows: The IR probe was transferred pentane was collected in the flask @8 °C. The resulting
inserted through a nylon adapter and O-ring seal into a flame-dried, reaction mixture was stirred, forming a red solution and liberating
cylindrical flask fitted with a magnetic stir bar and T-joint. The T-joint  dinitrogen. The free dinitrogen was collected with the aid of a Toepler
was capped by a septum for injections and a nitrogen line. Following pump into a volume of 71.7 mL. After approximately 2 h, 68 Torr
evacuations under full vacuum and flushing with nitrogen, the flask (8294) of dinitrogen was collected. Similar experiments were conducted
was charged with toluene and a background was recorded at ambientor the solution characterization @N, and1-H,, where 86% and 82%
temperature and at78 °C. The flask was then charged with a toluene 4t the expected amount of gas was collected. In the cadetyf the
solution of 1-N, to make the final reaction volume 10.0 mL with gas that was collected was burned, confirming its identity as H

approximately 0.005 M concentration. The samples were cooled using General Hydrogenation Procedure with 1-(N)s. A thick-walled

Zg ;iitr?lgfs/dry ice bath. The reactions were recorded between 20 an%]lass vessel was charged with 0.008 g (0.02 mmol)LeiNy)s,

Preparation of ("PD)Fe(N): (v Method 1. A d00 L SERERE 2 T e O el waa atbmerged
round-bottomed flask was charged with 9.96 g (49.8 mmol) of mercury ) 9

and approximately 15 mL of pentane. The resulting slurry was chilled n Ilqwd nitrogen and 'evaCl.Jated. One atmosphgre of hydrogen was
to —35°C in the drybox freezer. Sodium (0.050 g, 2.2 mmol) was cut admitted and the reaction mixture warmed to ambient temperature and

into small pieces and added slowly to the cold mercury slurry with stirred for the appropriate time. The progress of the reaction was assayed

stirring. Once all of the sodium was added, the resulting amalgam was periodically by gas chromatography.

stirred in a N atmosphere for 20 min to ensure complete dissolution ~ General Hydrogenation Procedure with 1-(N).: Neat Olefin. A

of the metal. A pentane slurry containing 0.300 g (0.431 mmol) of thick-walled glass vessel was charged with 0.004 g (0.008 mmol) of
1-Br, was added to the flask containing the amalgam. The reaction 1-(N2)2 and a stir bar. Approximately 2 mL of the alkene was added
was stirred vigorously, forming a dark green solution and white by vacuum transfer into a calibrated tube followed by a second vacuum
precipitate. After 48 h, the reaction mixture was decanted away from transfer into the thick-walled glass vessel. The vessel was submerged
the amalgam, and the resulting green solution was filtered through Celite in liquid nitrogen and evacuated. One atmosphere of dihydrogen was
to remove the NaBr. Removing the solvent in vacuo yielded a brown added to the vessel at196 °C and the reaction warmed to ambient

solid which after recrystallization from an ether/pentané:() mixture temperature.

afforded 0.160 g (63%) of a green crystalline solid identified l,).. General Hydrosilation Procedure.A 6 mL vial fitted with a PTFE
Anal. Calcd for GdHasN7Fe: C, 66.77; H, 7.30; N, 16.52. Found: C,  silicon septum was charged with 0.002 glofNy),, 1 mL of pentane,
66.49; H, 7.52; N, 16.44. IR (KBr)wn, 2053, 2124 cm". IR (toluene, and a stir bar. To the resulting green solution were added 1.23 mmol
—78°C): wn, = 2058, 2122 cm". IR (pentane, 23C): wy, = 2132, of the desired olefin and silane (PhSiet PhSiHs). Immediately upon
2073 cn. In solution the molecule loses 1 equiv of hwver time to the addition of olefin, the solution changed color from green to red.

afford 1-N. *H NMR (benzeneds, 22°C): 6 = —0.31 (d, 8 Hz, 12H, The resulting reaction mixture was stirred for the indicated amount of
(90) Fluki b Luthi H. P Port S Weber J. MOLEKEL 4.3 time (Table 4), and periodic aliquots of the reaction mixture were
ukiger, P.; Luthi, H. P.; Portmann, S.; Weber, J. .3, : :
Swiss Center for Scientific Computing, Manno, Switzerland, 2000; quenched with Wate.fpen.tane mixtures and analyzed by GC anq NMR
http:/iwww.cscs.ch/molekel. spectroscopy. The identity of each product was compared to literature
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values® One product, Ph(PhSHC=C(H)Ph, has not been previously
reported and has been characterized as follotwsNMR (benzene-
ds): 0 =4.97 (s, 2H, SH), 6.8-7.14 (m, 14H, aryl and B), 7.47 (d,

2H, aryl). 13C NMR (benzeneds): 6 = 127.09 (CH), 128.51 (CH),
128.35 (CH), 128.69 (CH), 128.80 (CH), 129.55 (CH), 130.37 (CH),
130.57 (CH), 131.95 (C), 136.43 (CH), 137.60 (C), 139.31 (C), 142.20
(C), 143.28 (CH).

Preparation of (P"PDI)Fe(PhC=CPh) (1-(PhG=CPh)). A 20 mL
scintillation vial was charged with 0.046 g (0.078 mmol) .6{N,).
dissolved in approximately 5 mL of pentane, forming a dark green
solution. Diphenylacetylene (0.014 g, 0.078 mmol) was added with
stirring. Immediately upon addition, a dark red solution formed which
was filtered through a pad of Celite to remove any particulates. The
solvent was removed in vacuo, and the resulting red solid was
recrystallized from pentane at35 °C to afford 0.050 g (91%) of
1-(PhC=CPh). Anal. Calcd for G/HssNsFe: C, 78.86; H, 7.46; N,
5.87. Found: C, 78.35; H, 7.12; N, 5.47. Magnetic susceptibility
(benzeneds): perr = 2.71us. *H NMR (benzeneds): 6 = —1.1 Avie
= 33),—2.6 (Av1, = 370),—5.6 (Av1, = 320),—18.4 (Av1, = 970),
—34.6 (AVJ_/Z = 188), —40.4 (A‘Vl/z = 106)

Preparation of (P"PDI)Fe(n?SiHsPh), (1-(Si)). A 20 mL scintil-
lation vial was charged with 0.050 g (0.084 mmol)1a{N,). dissolved
in approximately 5 mL of pentane. With stirring, 0.018 g (0.17 mmol)
of PhSiH; was added, forming a brown-purple solution. The reaction
mixture was concentrated and cooled +@5 °C, forming a green
solution from which a green solid was deposited. Additional material

at —78 °C, the solution was warmed to ambient temperature and 1
atm of H, admitted. The resulting reaction mixture was stirred for
several hours and the solvent removed in vacuo, leaving a nitrogen-
sensitive brown solid identified asH,. Anal. Calcd for GsHasNsFe:

C, 73.30; H, 8.45; N, 7.83. Found: C, 73.46; H, 8.98; N, 7.60. Magnetic
susceptibility (benzends): uerr = 2.70us. *H NMR (benzeneds): o

= —0.50 (d, 8 Hz, 12H, CMle;), 0.54 (q, 8 Hz, 4H, EIMe,), 1.14 (d,

8 Hz, 12H, CHVley), 1.97 (t, 7.5 Hz, 1Hp-Pyr), 7.74 (m, 6Hm,p-

aryl), 10.40 (d, 9 Hz, 2Hm-Pyr), 15.09 (20.78, 6H, ©{€)).

Conclusions

Synthesis and characterization of an unusual high spin, square
pyramidal iron(0) bis(dinitrogen) complex supported by a
pyridinediimine ligand have been accomplished. In solution, this
molecule loses 1 equiv of No form a four-coordinate iron(0)
dinitrogen complex. Both Ncomplexes allow access to the rich
chemistry of the kFe(0) fragment under mild, thermal condi-
tions. These molecules also serve as precursors for iron(0)
dihydrogen, bis(silane), and alkyne complexes. The silane and
dihydrogeno-complexes are geometrically and electronically
similar to the dinitrogen complexes, while the alkyne adduct is
distorted toward a pseudotetrahedral geometry. All of these
molecules serve as effective precatalysts for the hydrogenation
and hydrosilation of olefins and alkynes under mild conditions.
The catalytic reactions proceed with levels of activity and

can be isolated by taking the mother liquor and repeating the above selectivity that rival those of traditional precious metal catalysts.

procedure. Anal. Calcd for &HseNsFeSp: C, 71.68; H, 7.89; N, 5.57.
Found: C, 71.51; H, 8.17; N, 5.49. Magnetic susceptibility (benzene-
de): teit = 2.68us. 'H NMR (benzeneds, 23°C): 6 = —6.69 (s, 1H,
n?-SiH (basal)),—0.04 (5.5 Hz, 12H, CMle;), 0.92-1.09 (40.46,
CHMe; and others), 1.851 (30.52, 3H), 2.82 (34.17, 4H), 3.44 (18.55,
1H, p-Pyr), 3.97 (6.38, 6H), 7.047.18 (m, includes toluends), 7.39
(13.82, 2H), 7.57 (2.10, 4H), 7.87 (25.28, 1H), 8.39 (19.86, 1H), 9.70
(3.52, 2H), 11.46 (32.23, 6H, Bfe)). *H NMR (tolueneds, —40 °C):

0 = —6.80 (s, 1H,?-SiH (basal)), 0.05 (s, 1H;?>-SiH (apical)), 0.67

(d, 6.5 Hz, 6H, CH/ley), 0.75 (d, 6.5 Hz, 6H, CMley), 0.81 (d, 6.5
Hz, 6H, CHVe,), 0.95 (d, 6.5 Hz, 6H, CMle,), 1.17 (d, 6 Hz, 9H),
1.84 (s, 6HMeC=N), 1.90 (s, 6H), 2.55 (br s, 2H,HMe,), 2.78 (s,
2H, SH; (apical), 3.11 (g, 6.5 Hz, 2H, @Me,), 6.11 (s, 2H, S,
(basal)), 6.51 (d, 7 Hz, 2Hy-phenyl (basal)), 6.92 (d, 7.5 Hz, 2H,
m-phenyl (basal)), 6.99 (s, 2Hy-Pyr, p-phenyl, orm,p-aryl), 7.00-
7.22 (m, includes toluends, p-Pyr, p-phenyl, orm,p-aryl), 7.23 (t, 7.5
Hz, p-Pyr, p-phenyl, orm,p-aryl), 7.30 (t, 7 Hz,p-Pyr, p-phenyl, or
m,p-aryl), 7.41 (d, 6.5 Hz, 2Hm-phenyl (apical)), 7.75 (d, 7.5 Hz,
2H, m-Pyr), 8.15 (d, 7 Hz, 2Hg-phenyl (apical))?°Si (tolueneds, —80

°C): 0 = 50.23,—44.58 ppm.

Preparation of (P"PDI)Fe(n?H) (1-H). A 25 mL round-bottomed
flask was charged with 0.073 g (0.123 mmol)16{N.)., and the green
solid was dissolved in approximately 10 mL of pentane. The flask was
fitted with a 180 needle valve and attached to a high-vacuum line.
After removal of the nitrogen from the drybox atmosphere by evacuation

(91) (a) Fu, P.-F.; Brard, L.; Li, Y.; Marks, T. 4995 117,
7157. (b) Molander, G. A.; Julius, 1992 57, 6347. (c)
Glaser, P. B.; Tilley, T. Djinsinniismuio ©003 125 13640.

Isotopic labeling studies established that terminal olefins such
as 1-butene and 1-hexene do not undergo alkyl isomerization
competitive with the catalytic reactions, although olefin isomer-
ization is observed in the absence of &t silane. Overall, this
study has demonstrated that iron, when in the appropriate
coordination geometry and spin state, is a reasonable alternative
to toxic, precious metals in designing catalytic processes.
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