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We report the synthesis, spectroscopy, and structural characterization of iron—alkyne and —alkene complexes of
the type LMeFe(ligand) [LM = bulky S-diketiminate, ligand = HCCPh, EtCCEt, CH,CHPh, EtCHCHEt, HCC(p-
C¢H4OCHj3), HCC(p-CeH4CF3)]. The neutral ligand exchanges rapidly at room temperature, and the equilibrium
constants have been measured or estimated. The binding affinity toward the low-coordinate Fe follows the trend
HCCPh > EtCCEt > CH,CHPh > EtCHCHEt ~ PPh; > benzene > N,. This trend is consistent with a model in
which 7z back-bonding from the formally Fe' center is the dominant interaction in determining the relative binding
affinities. In nitrogenase, alkynes are reduced while alkenes are unreactive, and this work suggests that the different
binding affinities to low-coordinate Fe might explain the differential activity of the enzyme toward these two substrates.

Introduction

The nitrogenase enzymes reduce not onjybht also a
number of “alternative” substrates by multiples of 22H".

The alternative substrates are small organic and inorganic

compounds with multiple bonds, such aglg; CH:NC, CO,,
COS, N, and NO.! The iron-vanadium and iron-only
nitrogenases differ from ironmolybdenum nitrogenase in
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Figure 1. FeMo cofactor “FeMoco” of iror-molybdenum nitrogenase.
X =C, N,orO.

that they reduce acetylene to ethane as well as ethylene.X (X = C, N, or O). Electron nuclear double resonance
Simple alkenes are not nitrogenase substrates. The reason&NDOR) spectroscopy shows that these “belt” or “waist”
for the selectivity of nitrogenases are not known because Fe atoms are the site of binding for the inhibitor CO and the
the mechanism of the enzymes is unclear. 2e /2H* reduction product allyl alcohdl.These Fe atoms

The molybdenum-containing nitrogenase is the only one have unusually low coordination, with three bridging sulfides
with detailed structural characterization, and attention has and a weak interactidi®with the hypervalent X. Extended
been focused on the FeMo cofactor (FeMoco; Figurgd),  X-ray absorption fine structure studies suggest that the active-
the reduction site of substraté&Crystallography has shown  Site clusters of molybdenum-free nitrogenases may have a
that this cofactor contains an octahedral Mo atom and sevenSimilar structure-*2

Fe atoms, six of which surround an unidentified light atom  Because of the growing evidence for low-coordinate Fe
atoms in FeMoco, synthetic low-coordinate Fe complexes
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have been employed to gain insight into potential reaction
mechanisms. Our grodip**and other® have demonstrated
that three- and four-coordinate Fe bingd $frongly and that
the N, complexes have unusually weak-INl bonds. The
weakening is the result of back-bonding from the Fe into
the zz* orbitals of N,, which shifts the electron density onto
the N, unit. Although the Fe atom is formally in thet+l

oxidation state, calculations suggest a substantial charge

transfer from Fe to Nin the ground stat&! 16

In a recent paper, we showed that one of these N
complexes, B'FeNNFel® (LR represents the ligand shown
in Figure 2), reacts with phenylacetylene to giv€'Ee-
(HCCPh)Y" Density functional theory (DFT) calculations
showed thatr back-bonding again played an important role.
As a low-coordinate, low-valent complex of Fe!®iFe-
(HCCPh) is potentially important in understanding the nature
of binding of acetylene substrates to the Fe sites in the
nitrogenases.

This paper reports the synthesis, spectroscopy, and struc-

tural characterization of a wider variety of alkyne and alkene
complexes of the type MeFe(ligand) [ligand= HC=CPh

(1), EtC=CEt (2), CH,=CHPh @), EtCH=CHEt (4), HC=
C(p-CsH4OCHs) (5), and HG=C(p-CeHiCFs) (6)].18 To
understand the binding preferences of the low-coordinate Fe

center, we have measured equilibrium constants for exchanget

of the neutral donors. The data fit a model wharbéack-
bonding from the Fe to the neutral ligand is the dominan
interaction in determining the relative binding affinities. In
addition to the implications for nitrogenase, these studies
expand the known chemistry of rare high-spin ¢@mplexes.
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Ligand = HCCPh (1), EtCCEt (2), CH,=CHPh (3),
EtCH=CHEt (4), HCC-(p-CgH4-OCHj3) (5),
HCC-(p-CgH4-CF3) (6), PPh3 (7), CgHg (8)

We know of no previous studies describing the relative
binding constants for different ligands on'Fe®mplexes.

Results

Synthesis of Fe ComplexedAs previously reported, the
iron dinitrogen complex ¥eFeNNFelVe reacts with Lewis
bases to give monomeric, formally 'Feroductst* For
example, the addition of 2 equiv of PPto this dinuclear
N, complex liberates Nand gives 2 equiv of ¥eFePPh.

This complex has high-spin F& = 3/,), indicated by the
appearance of relatively sharp peaks intHé&IMR spectrum
and by the solution magnetic moment of 3:6* On the
other hand, dissolving Y¢FeNNFelY¢ in benzene gives
LMeFe(GHe), which has a broatgH NMR spectrum and an
electron paramagnetic resonance signal igear2 charac-
teristic of a low-spin configuratior§= 1/,).14 Each of these
two complexes has been crystallographically character-
ized*

The above substitution reaction is general for creating
ormally Fé complexes with alkenes and alkynes in the third
coordination position, by adding 2 equiv of free ligand to a
pentane solution of *FeNNFel™® (9; Scheme 1). At
ambient temperature, the replacement gbijthe free ligand
at the Fe center is immediate. The products are isolated by
crystallization from a pentane solution, in yields of3D%.

The complexes are highly air- and moisture-sensitive, and
in some cases, several attempts did not yield accurate C
analysis on spectroscopically pure samplesNMR spectra
are given in the Supporting Information). This may be
attributable to the extreme air sensitivity or to the formation
of FeC. However, samples of alkene and alkyne complexes
in CsDs solution are thermally stable at 10Q for 2 days.

Characterization of Alkyne Complexes.The molecular
structures ofl and 2 were determined by X-ray crystal-
lography. ORTEP diagrams are shown in Figures 3 and 4.
The important bond distances and angles are listed in Table
1.

Each alkyne has agf binding mode, with the &C bond
in a side-on interaction with the metal. The Fe distances to
each C of the triple bond are comparable. This meighnd
interaction causes considerable changes to the alkynes. The
C=C bond lengths are elongated from 1.193 A (HCCPh)
and 1.202 A'BuCCBu) in free alkyné®2°to 1.268(3) A in
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Figure 3. ORTEP drawing of the molecular structure df Thermal

ellipsoids are shown at 50% probability.

Figure 4. ORTEP drawing of the molecular structure Bf Thermal

ellipsoids are shown at 50% probability.

Table 1. Important Bond Distances and Angles in Iron(l) Alkyne

Complexes
bond/angle HCCPh EtCCEt
Fe—N (A) 1.973(1), 1.990(1) 1.986(2), 1.983(2)
Fe-C (A) 1.917(2), 1.958(2) 1.932(3), 1.944(3)
c=C A) 1.268(3) 1.263(4)
C=C—C (deg) 143.8(2) 148.9(3), 148.5(3)
N—Fe—N (deg) 93.67(6) 93.75(8)

1 and 1.263(4) A in2. The G=C—C angles are bent
significantly from the ideal 180for sp-hybridized C to

143.8(2) for HCCPh and 148.7(8)or EtCCEt. The &C

(19) (a) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman,
R. H.; Ramsay, D. A,; Lovas, F. J.; Lafferty, W. J.; Maki, A. G.
Phys. Chem. Ref. Datd979 8, 619-721. (b) Lide, D. R., Jr.
Tetrahedronl962 17, 125-134. (c) Weiss, H.-C.; Blaser, D.; Boese,

R.; Doughan, B. M.; Haley, M. MChem. Commun1997, 1703~

1704.

(20) The bond distance of the-<C triple bond in EtCCEt is not available,
so'BUCCBuU is used. Boese, R.; Blar, D.; Latz, R.; Bamen, A.
Acta Crystallogr.1999 55C, IUC9900016.
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Figure 5. 'H NMR spectrum of2 in benzeneds at 298 K. Inset:
assignments of equivalent protons.

bonds are nearly coplanar with the-{Re—N plane. This
roughly square-planar geometry gives the idealized point
groupC,, for 2 andCs in 1.

The solution magnetic moment (measured through the
method of Evar®) is 4.7(7) forl and 4.4(8) for2, consistent
with high-spin F&(S= %/,). Consistent with other diketimi-
nate complexes of Cloand Féwith a o configurationt’-22
the alkyne complexes show distinét NMR resonances in
a wide range from+130 to —100 ppm. The!H NMR
spectrum of in Figure 5 exemplifies the assignment of the
spectra. Proton peaks belonging to fhdiketiminate ligand
are assigned based on the integrations. As in previous
complexes reported by our groéhthe diketiminate ligand
displays seven peaks, which are labeled in the inset of Figure
5. The eight isopropyl methyl groups fall into two catego-
ries: four point toward the Fe center while four point away.
The chemical shifts of the diketiminate proton peaks are
similar to those in [B'Fe(HCCPh)’ The proton signals of
the bound alkyne have an upfield paramagnetic shift. The
spectrum of2 is thus consistent with that expected for
averagedC,, symmetry, showing that there is free rotation
of the C-C bonds of the alkyne ligand.

The room-temperaturéH NMR spectrum of MeFe-
(PhCCH) is also consistent with that expected foy,
symmetry, despite th€; symmetry of the molecule. We
hypothesized that there is rapid spinning of the alkyne around
the axis connecting the Fe to thesC centroid on the NMR
time scale. This was tested by lowering the temperature of
a tolueneds solution of 1. Decoalescence of the isopropyl
groups was observed, with a coalescence temperature of
about—55 °C (see the Supporting Information for spectra
and details), yielding a barrier for alkyne rotation of 33 kJ
mol~! (8 kcal mol?). The barrier for hindered rotation of
the alkyne is less in this complex than in the' @nalogues?

Each alkyne complex shows a weak-to-mediurr@
stretching band that shifts from around 2100 énn the
free ligand to 17061800 cn* upon coordination (Table
2). To examine the effect of differential electronic effects

(21) Evans, D. FJ. Chem. Soc1959 2003-2005.

(22) Holland, P. L.; Cundari, T. R.; Perez, L. L.; Eckert, N. A.; Lachicotte,
R. J.J. Am. Chem. So@002 124, 14416-14424.

(23) Badiei, Y. M.; Warren, T. HJ. Organomet. Chen2005 690, 5989
6000.
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Table 2. C=C Stretching Frequencies in Alkyne Complexes

complex ligand v(em?d)  vpee(cm™)  Av(cml)
2 EtC=CEt 1802 2120 318
1 HC=CPh 1717 2110 393
5 HC=C(p-CeHsOCHs) 1717 2106 389
6 HC=C(p-CsHsCR3) 1720 2118 398

Table 3. Electronic Absorption Spectra of Alkyne Complexes

complex alkyne ligand Amanm (/mM~1cm™1)

1 HC=CPh 328 (15.7), 395 (6.8), 524 (0.6),
738 (0.2)

2 EtC=CEt 329 (12.3), 395 (7.2), 512 (0.6)

5 HC=C(p-CeH,OCHs) 328 (15.4), 395 (6.2), 520 (0.6),
715 (0.2)

6 HC=C(p-CsH4CF) 328 (14.7), 395 (5.9), 527 (0.6),
734(0.2)

of the acetylene ligand, phenylacetylenes with different para
substituents were also examined. Table 2 demonstrates thagigure 6. ORTEP drawing of the molecular structure 4f Thermal
the substituent affects the amount by which thee@ ellipsoids are shown at 50% probability. The Et€BHEt groups are
frequency decreases upon coordination, with more electron-disordered over two conformations in a 2:1 ratio, and the major conformer
withdrawing substituents giving a larger coordination-induced 's shown.
weakening.
UV —vis spectrophotometry is used below to distinguish
different Fe species in solution. The absorption maxifaay
and extinction coefficients are summarized in Table 3. The
very intense band around 330 nm is seen in many different
diketiminate complexe%,and we assign it as a diketiminate
m — m* transfer. The band near 520 nm shifts to lower
energy with electron-withdrawing groups on the acetylene,
consistent with assignment as an+eacetylene metal-to-
ligand charge-transfer transition.
Characterization of Alkene Complexes.The molecular
structures of the alkergéron complexes were determined
by X-ray diffraction, and the ORTEP diagrams ®and4
are shown in Figures 6 and 7.
The structure o# contains a disordered GAH,CH=
CHCH,CH;z group. C34 and C44 of the hexene are disordered
in a 1:2 ratio for parts A and B, respectively (parts A and B
refer to the two conformations). All of the=€C double- Figure 7. ORTEP drawing of the molecular structure 8f Thermal
bond lengths are larger than expected for &-gp? double ellipsoids are shown at 50% probability.
bond but are equivalent between parts A and B. . ) )
The alkenes bind through ayf interaction of the &C C bond distance (Table 4) is elongated from 1.34 Aina
double bond to the Fe center, analogous to the alkyne yPical alkenéto 1.401(8) and 1.420(4) A for EtCHCHEL
complexes described above. The alkere@bond is neither ~ and 1.396(5) A for Ch=CHPh. A similar G=C elongation
in the diketiminate plane (analogous to the alkyne complexes)as been observed ieFe(PRC=CHj), with C—C = 1.411
nor perpendicular to it. The angle between the f¢—N A28 Also, the G=C—C angles are slightly larger than the
plane and the FeC—C plane in3 is 19.3(6, with the expected 120value for sp-hybridized C [125.1(3), 124.4-
phenyl ring pointing out of the NFe-N plane; the  (3)°, 125.5(5], and 130.1(6) for 4 and 124.5(4) for 3].
analogous angle i is 42.5(3}, with the ethyl substituents The alkene complexes havél NMR spectra that are
near the N-Fe—N plane. Similarly to the alkyne complexes, paramagnetically shifted, like those of the alkyne complexes.
the double bond in the alkene ligands is weakened. Tre C However, the lower symmetry makes tHé NMR spectra
of alkene complexes more complicated. For example, the
(24) (a) Spencer, D. J. E.: Reynolds, A. M.; Holland, P. L.; Jazdzewski, *H NMR spectrum of the compleg is shown in Figure 8.

B. A.; Duboc-Toia, C.; Le Pape, L.; Yokota, S.; Tachi, Y.; ltoh, S,; i i
Tolman, W. B.Inorg. Chem2002 41, 63076321 (b) Randall, . In complex3, the styrene ligand binds to Fe through the

W.; George, S. D. Holland, P. L. Hedman, B.; Hodgson, K. 0.; C=C s orbital. In this binding mode, the styrene phenyl ring

Iggqgnkvgl.PB.;(jS?oI%mogf E.dU.A’(}lm%\fllen?{tsgﬁgoaoll22t11332'\; " extends out of the NFe—N plane, breaking both mirror

. (C anaa, A.; enaer, i rngnt, R. J.; mstead, . . . .
Klavins, P.; Power, P. Rnorg. Chem 2002 41. 39093916 (d) Vela, planes. As a result, the pairs of protons that were equivalent
J.; Smith, J. M.; Yu, Y.; Ketterer, N. A.; Flaschenriem, C. J;

Lachicotte, R. J.; Holland, P. LJ. Am. Chem. So@005 127, 7857 (25) Cochran, J. C.; Hagen, K.; Paulen, G.; Shen, Q.; Tom, S.; Traetteberg,
7870. M.; Wells, C.J. Mol. Struct.1997, 413-414, 313-326.
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Table 4. Bond Distances and Angles in Alken&on(l) Complexes

bond/angle Ch=CHPh EtCH=CHEt CH=CPh!8
Fe-N (A) 1.968(2), 1.986(2) 1.989(1), 1.992(1) 1.967(2), 2.001(2)
Fe—C (A) 2.013(4), 2.027(3) 2.036(5), 2.039(4) (A) 1.995(2), 2.089(2)
2.047(3), 2.053(2) (B)
c=C A 1.396(5) 1.401(8) (A) 1.411(3)
1.420(4) (B)
N—Fe—N (deg) 95.81(10) 93.84(5) 95.08(8)
C=C—C (deg) 124.5(4) 130.1(6), 125.5(5) (A)
125.1(3), 124.4(3) (B)
Table 5. UV—Vis Absorption Data Table 6. Equilibrium Constants for Ligand Exchange Reactions
complex alkene ligand Amadnm (/mM~1cm™1) ligand A ligand B Kegq
3 CH,=CHPh 319 (18.8), 374 (11.7) EtC=CEt HC=CPh (1.2+0.2) x 1
4 EtCH=CHEt 315 (18.4), 367 (10.4), 471 (1.9) H,C=CHPh EtG=CEt >(1.74+0.3) x 10
EtCH=CHEt H,C=CHPh (1.2£0.3) x 1
in the alkyne complexes (such as 3 and 7 in the inset of PPh EICH=CHEL 2.0+0.7
. : : CeHs PPh 65+ 20
Figure 8) are not equivalent u?.._ However, the NMR N, CeHe >(3.7+0.2) x 172
spectrum shows only two types of isopropyl groups and one HC=CPh HG=C(p-CsHiCF3) 6.0+ 0.7
type of backbone methyl group, suggesting rapid rotation HC=C(-CeHi:OCH)  HC=CPh 11£04
of the styrene ligand that gives averag€g symmetry?® aThe N concentration is estimated using the solubility efiNlpentane

Variable-temperaturéH NMR spectra over a range from at STP¥#
+70 to—70°C showed no changes in the number of peaks,
indicating that the alkene remains coordinated but spins Solvent
rapidly on the NMR time scale. 3 3 .

The bands in the IR spectrum corresponding to theCC {" HH el '6': i(:hcm
double bonds in alkene ligands were not assigned because N 7 Hb
the G=C stretching region of the spectrum is obscured by 3
vibrations of the3-diketiminate supporting ligand. UWvis

spectral data for the alkene complexes are listed in Table 5. 6H backbone CHs

6H iPr CHs

The band at 315320 nm is assigned as@a— z* transition 2H 2\ [HiPrCHs

of the g-diketiminate supporting ligand, as for the alkyne 2H
complexes above. N

The other formally Fecomplexes used here, in which the
non-diketiminate ligand is PBhCgHs, and N, have been 2H 1H
described previoush:

Ligand Binding Affinities. The differences between the ~ 80 70 60 50 40 30 20 10 0 -10-20 -30 -40 -50 -60 -70 -80 PPM
visible spectra of the different complexes are sufficient to Figure 8. *H NMR spectrum of3 in benzeneds at 298 K. Inset:
make U\V-vis spectrophotometry a convenient technique for 25Si9nMents of equivalent protons.

determining the relative concentrations of different Fe \jsible region, the visible spectra give the ratio of concentra-
complexes in solution. When a donor ligand is added to an tions of the two Fe complexes, leading to the equilibrium
Fe complex of another donor ligand, equilibrium is estab- constants (eq 1). The equilibrium constants determined in
lished rapidly in solution, and the equilibrium constant can thjs way are shown in Table 6. Unfortunately, equilibrium

1H

be interpreted as shown in eq 1. constants could not be measured in cases where neat ligand
K B did not give a detectable amount of'iEe(ligand B). In
LMeFe(Iigand A)+ ligand B=— these cases, we use a conservative estimated-ub/
LMeFe(”gand B)+ ligand A d_etection limit of 5% to der_ive lower limits for the equili_b—
rium constants. More detailed measurement data are in the
L MeFe(ligand B)][ligand A] Supporting Information (Table S1).
@) N, was completely displaced by each of the ligands, giving

eq” 1 Me . .
[L.""Fe(ligand A)]fligand B] a lower limit of Keq > 3.7 x 102 The alkynes bind to Fe

In a typ|Ca| experiment’ one Fe Comp|eNq|_:e(|igand A) much more Strqngly than the alkenes, and eyen addlng neat
is dissolved in pure solvent, and excess amounts (at least 5@lkene to an iron(l) alkyne complexes did not give a
times the Fe concentration) of both ligands A and B are detectible amount of alkene complex. In both the alkenes
added. Assuming that the concentrations of the ligands and alkynes, the alkyl-substituted compoutrelr{s-3-hexene

remain unchanged and that the ligands are transparent in th@ 3-hexyne) binds more weakly than the aryl-substituted
compound (styrene or phenylacetylene). Triphenylphosphine
(26) Apparetnt NIMR eclui\oaltlenc? ir\l/ didkgtiéninsatecirondCQmTpleéesswi_ttT] ng and 3-hexene bind equally strongly, but each of these binds
symmetry element: ela, J.; Vaaaadl, S.; Cundari, |. R.; sSmitn, J. .
M.: Gregory, E. A.. Lachicotte, R. J.. Flaschenriem, C. J.- Holland, More strongly. tha_n benzene. These data are depicted on an
P. L. Organometallic2004 23, 5226-5239. energy scale in Figure 9.
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Figure 9. Relative binding energies for different ligands, with the most  Figure 10. Limiting resonance structures for metallkyne and metat
strongly bound ligands at the bottom. In some cases, only a lower limit on alkene complexes. Though these descriptions are exaggerated, they help to
the energy difference could be determined. The precision of the values is rationalize the properties of the irerlkene and iroralkyne complexes
better than 1 kJ mot (0.2 kcal mot™). described here.

Discussion of other Ny macrocyclic ligands are typically formulated as
Fe.3® There is a single example of an iron(l) hydride
complex3® A more recent approach to isolating formally Fe
compounds uses sterically hindered ligands. Examples of this
type of complex include PhTiyFe(CO), [PhBEFe(PPh),®
and (PrPDI)FeX (X= Cl, Me) 3" However, the fundamental
coordination chemistry of low-coordinate 'Fmplexes is
still under development.

In this work, we show that displacement of k LMe-

Synthesis and Isolation of Stable Mononuclear Fe
Complexes with a Formal Oxidation State of X-. The
number of mononuclear Feomplexes is much fewer than
Fe' and Fé' species. Most work on Feas focused on gas-
phase Féions, which are capable of-@C and C-H bond
activation?® However, these are not isolable, leaving the
further characterization of IFes a challenge for synthetic

chemists. Cyclopentadienyl- and arene-containing organo- Ve o ;
metallic complexes account for a large fraction of known FENNFeL™ gives a variety of complexes of the typ&®

Fé complexes? Strong back-bonding ligands stabilize' Fe Fe(ligand). This substitution reaction provides a general route

in [Fe(COXPR)]* 3 and nitrosyl complexe¥. Several  © low-coordinate, formally F'gcqmplgxes with various
examples of formally Pecenters supported by porphyrin  €WIS bases as the second binding ligand. We previously
have been reported, although there is controversy overdescribed the addition of PRhCO, and benzene to"E-
whether the best description of the complexes I F@ph") FeNNFel'™ to give L“*FePPh, L"Fe(CO), and L

or Fé(porph)3 This ambiguity in the oxidation states is also (P€nzenej}’ Here, we focus on alkene and alkyne complexes

evident in complexes of some S-based ligaHd3omplexes and use measurementskaf; to compare the binding of these
ligands to the phosphine and arene ligands.

(27) Battino, R.; Rettich, T. R.; Tominaga, J. Phys. Chem. Ref. Data Evaluation of C—C Bonding. Alkene and alkyne com-
1984 13, 563-600. : ; L
28) Malfranczy’ J.. Megyery-Balog, M. K. Rusz, L.: Patyi, #ung. J. plexes can be described in _term§ of the two limiting
Ind. Chem.1976 4, 269-280. resonance structures shown in Figure3d@a) In one

(29) (a) Wesendrup, R.; Schalley, C. A.; Schroeder, D.; Schwarz, H. extreme, the metal has a primarily electrostatic interaction
Organometallics1996 15, 1435-1440. (b) Schalley, C. A.; Wesen- . . . L .
drup, R.; Schroeder, D.; Schroeter, K. Schwarz,JHAm. Chem. with the ligand (best described through the dative interaction

Soc. 1995 117, 12235-12242. (c) Schroeder, D.; Schwarz, Bl at the left of Figure 10). For example, in alkyne complexes
Organomet. Chem1995 504, 123-135. (d) Schalley, C. A,

Schroeder, D.. Schwarz. H. Am. Chem. Sod994 116, 11089 o_f Ag, the C-C dl_stance and _GC stretching frequen(_:y are
11097. (e) Peake, D. A.; Gross, M.Qrganometallic1986 5, 1236- similar to those in the free ligarfd.Because the primary
1243. metal-ligand interaction is donation of ligand electrons to

(30) (a) Hamon, P.; Toupet, L.; Hamon, J.-R.; LapinteO8yanometallics
1996 15, 10—-12. (b) Hamon, P.; Toupet, L.; Hamon, J.-R.; Lapinte,
C. Organometallics1996 15, 10—-12. (c) Lapinte, C.; Catheline, D.; (34) (a) Williams, R.; Billig, E.; Waters, J. H.; Gray, H. B. Am. Chem.

Astruc, D.Organometallics1984 3, 817-819. (d) Astruc, D.; Mandon, Soc.1966 88, 43—50. (b) Gray, H. B.; Billig, EJ. Am. Chem. Soc.
D.; Madonik, A.; Michaud, P.; Ardoin, N.; Varret, ®rganometallics 1963 85, 2019-2020.
199Q 9, 2155-2164. (35) (a) Klose, A.; Hesschenbrouck, J.; Solari, E.; Latronico, M.; Floriani,
(31) (a) Therien, M. J.; Ni, C. L.; Anson, F. C.; Osteryoung, J. G.; Trogler, C.; Re, N.; Chiesi-Villa, A.; Rizzoli, CJ. Organomet. Cherml999
W. C.J. Am. Chem. S0d.986 108 40374042. (b) MacNeil, J. H.; 591, 45-62. (b) Rakowski, M. C.; Busch, D. H.. Am. Chem. Soc.
Chiverton, A. C.; Fortier, S.; Baird, M. C.; Hynes, R. C.; Williams, 1975 97, 2570-2571.
A. J.; Preston, K. F.; Ziegler, T. Am. Chem. S04991, 113 9834~ (36) Gargano, M.; Giannoccaro, P.; Rossi, M.; Vasapollo, G.; Saccd, A.
9842. (c) Kandler, H.; Gauss, C.; Bidell, W.; Rosenberger, S.; Buergi, Chem. Sog¢.Dalton Trans.1975 9—-12.
T.; Eremenko, I. L.; Veghini, D.; Orama, O.; Burger, P.; Berke, H. (37) Bouwkamp, M. W.; Bart, S. C.; Hawrelak, E. J.; Trovitch, R. J;
Chem—Eur. J. 1995 1, 541-548. Lobkovsky, E.; Chirik, P. JChem. Commur2005 3406-3408.
(32) (a) Stokes, S. L.; Davis, W. M.; Odom, A. L.; Cummins, C. C. (38) (a) Hartley, F. RAngew. Chem., Int. Ed. Engl972 11, 596-606.
Organometallics1996 15, 4521-4530. (b) Manhas, B. S.; Kalia, S. (b) Boston, J. L.; Grim, S. O.; Wilkinson, Gl. Chem. Soc1963
B. Polyhedron1996 15, 2949-2952. 3468-3470. (c) Frenking, G.; Fhdich, N. Chem. Re. 200Q 100,
(33) (a) Pawlicki, M.-L.; Latos-Grazynski,.llnorg. Chem2002 41, 5866~ 717-774.
5873. (b) Mashiko, T.; Reed, C. A.; Haller, K. J.; Scheidt, WIrorg. (39) (a) Dias, H. V. R.; Wang, Z.; Jin, Wnorg. Chem1997, 36, 6205
Chem.1984 23, 3192-3196. (c) Rodgers, K. R.; Reed, R. A.; Su, Y. 6215. (b) Chi, K.-M.; Lin, C.-T.; Peng, S.-M.; Lee, G.-irgano-
O.; Spiro, T. G.Inorg. Chem.1992 31, 2688-2700. metallics1996 15, 2660-2663.
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the metal,electron-donatingsubstituents are expected to Table 7. Ligand Binding Trends
increase the binding constéfit!! (b) At the other extreme,  {ccph> EtCCEt> CHy=CHPh> EtCH=CHEt~ PPh > CgHg > Ny

there is a covalent interaction between the metal and theKeq 120 =17x10F 120 2 65 =370
bound C atoms (best described through the metallacyclo-AG/kImor® 12 =30 1z 2 10 =15
propene or metallacyclopropane structures in Figure 10). HCC(p-CsH4CFs) > HCCPh~ HCC(p-CsHsOCH)
Because two electrons are formally transferred from the metal ~ Keg 6.0 11

1
to the ligand,electron-withdrawinggroups on the ligand AG/kJ mof 4 !

should increase the binding constant and weaken th€ C  c—C angles are several degrees smaller. Given the similarity
bond relative to the free ligand. The decreaseddCbond  in electronic structure to related,Nomplexe& and the
order and the rehybridization of the C atoms in alkyne thegretical analysis of BUFe(HCCPh)Y it is reasonable to
complexes are reflected especially in elongation of th&@C  conclude that the low-coordinate geometry of the diketimi-
bond, a decrease of the=<XC stretching frequency, and nate complexes leads to anomalous weakening beyond that
bending of the &C—C angle (although the latter effect expected from the formal oxidation state. In support of this
could also result from steric effects). In alkene complexes, jgea, the recently reported low-coordinate iron(0) alkyne
analogous structural distortions are expected, with pyrami- complex (PrPDI)Fe(PhCCPh) has a<C distance of 1.283-
dalization of the bound C atoms. (6) A, similar to those in the complexes described Here.
The alkene and alkyne complexes described here clearly competitive Binding of Ligands to Low-Coordinate Fe.
have a substantial contribution from the second resonancepne of the fundamental properties of a metal center is its
structure. Both &C and G=C bonds are elongated by about preference for different ligands. Only a few reports in the
0.06 A relative to the free alkyrealkene. In alkyne |iterature systematically study the binding preferences of low-
complexes, the €C—C angle is bent to 143.8(2).48.9- coordinate transition-metal complex@g4-46
(3)°. In addition, the C-C stretching frequencies decrease  Here we give relative ligand binding constants for low-
by about 390 cmt in the formally Fécomplexes, from about  coordinate, formally Pecomplexes, determined using WV
2100 to 1706-1800 cn1* (Table 2). The alkynes that bear s spectroscopy. Because the characteristic color changes
electron-withdrawing groups have larger decreases in theypon ligand addition occur over a few seconds at room
C—C stretching frequencyAw) upon coordination. While  temperature, the U¥vis measurements reflect equilibrium
the changes are only about-2% of Av, the monotonic  ratios. Crystallography shows that all of the complexes
changes are greater than the precision of IR measurement§except the N complex) are 1:1 metalligand complexes,
The larger G=C bond weakening with electron-withdrawing  and therefore the reaction entropy should be nearly zero.
groups is consistent with a model where bonding involves Therefore, the binding affinities can be interpreted in
substantial donation of metal electrons into the ligand. On enthalpic terms. This is the case for all ligands excegt N
the basis of the combined evidence, we conclude that back-yhich forms a 2:1 complex and involves a gas. The data are
bonding is the dominant metaligand interaction in these  symmarized in Table 7.
low-coordinate Fe complexes. To evaluate electronic effects, we measured the equilib-
These experimental results are also consistent with DFT rium constants of the substitutions of substituted phenyl-
calculations on [E“Fe(HCCPh) that showed a buildup 0f 0.8 gcetylenes. The substitution at the para position of the pheny!
electrons of negative charge on HCCPTherefore, while  ying is expected to have a minimal steric effect on the
“Fe' is an accurate description of the formal oxidation state, complex. This is supported by the crystal structurelpf
there is actually substantial charge transfer from Fe to \which shows that the para hydrogen is morentBal from

acetyler_lg o every atom of theg-diketiminate ligand. The electron-
Surprisingly, the back-bonding in these formally'Fe donating methoxy group disfavors binding of phenylacety-
complexes is more than that in most literatur@ é@mplexes.  |ene. In most complexes of neutral donor ligands, electron-

VISTA analysis of formally iron(0) alkyne complexes in the  gonating groups magnify metaligand bonding®4! The
Cambridge Structural Databa3gave an average=2C bond  preference for electron-withdrawing groups is more charac-
distance of 1.24(1) A and an averageC—C angle of 152-  teristic of ligands that are “anionic” (using ionic electron-
(4)°. The G=C distances of the formally iron(l) alkyne  counting convention4j and indicates that back-bonding is

Complexes described here are about 0.02 A |Onger than thOSQhe dominant interaction in determining the me{ﬁ{\l}and
of the average literature iron(0) alkyne complex, and tee C

(43) Bart, S. C.; Lobkovsky, E.; Chirik, P. 3. Am. Chem. SoQ004

(40) (a) Kurosawa, H.; Asada, Norganometallics1983 2, 251-257. (b) 126, 13794-13807.
Kurosawa, H.; Urabe, A.; Emoto, Ml. Chem. Soc., Dalton Trans. (44) (a) Wang, K.; Goldman, A. S.; Li, C.; Nolan, S. Brganometallics
1986 801-893. (c) Kurosawa, H.; Miki, K.; Kasai, N.; Ikeda, I. 1995 14, 4010-4013. (b) Wang, K.; Rosini, G. P.; Nolan, S. P;
Organometallics1991, 10, 1607-1613. (d) Ohkita, K.; Kurosawa, Goldman, A. SJ. Am. Chem. So&995 117, 5082-5088. (c) Rosini,
H.; Hirao, T.; lkeda, 1.J. Organomet. Chenl994 470, 189-190. G. P.; Liu, F.; Krogh-Jespersen, K.; Goldman, A. S,; Li, C.; Nolan,

(41) This trend has been observed in the relative binding enthalpy for S. P.J. Am. Chem. S0d.998 120, 9256-9266.
phosphines. For examples, see: (a) Rahman, M. M.; Liu, H. Y.; Prock, (45) Popp, B. V.; Thorman, J. L.; Morales, C. M.; Landis, C. R.; Stahl, S.

A.; Giering, W. P.Organometallics1987 6, 650-658. (b) Li, C; S.J. Am. Chem. So@004 126, 14832-14842.

Nolan, S. P.Organometallics1995 14, 1327-1332. However, (46) Stroemberg, S.; Svensson, M.; ZetterbergDkKganometallicsL997,

exceptions are known: (c) Landis, C. R.; Feldgus, S.; Uddin, J,; 16, 3165-3168.

Wozniak, C. E.; Moloy, K. GOrganometallic00Q 19, 4878-4886. (47) Holland, P. L.; Andersen, R. A.; Bergman, R. G.; Huang, J.; Nolan,
(42) CSD version 1.7 (updated May 2005) and Vista version 2.1 were used. S. P.J. Am. Chem. S04997 119 128006-12814 and references cited

Allen, F. H. Acta Crystallogr.2002 B58 380-388. therein.
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binding energy in these acetylene compleXe8. This H H on 1, H
conclusion is concordant with the greater—C bond “o“zc*c\—/c'”“ \"'c\—/c'>‘H
weakening in the complexes with more electron-withdrawing Fé Fe

groups, ob.servec_j by IR spectroscopy (see above). In the Potential intermediate for nitrogenase LMeFe(GH,=CHPh)
following discussion, we show that the other data can also _. . . .

. . . . . . .~ Figure 11. Comparison of the structure assigned to a spectroscopically
be rationalized by invoking the primacy of back-bonding in  opserved intermediate in nitrogenase (B9 and the alkenemetal unit

metak-ligand affinity. found in LMeFe(styrene) (right).
Our experimental data indicate that alkynes are the best ) o o
ligands toward the formally Feenter, binding much more N, is the weakest binding substrate in this work. However,

strongly Keq > 1.7 x 10P) than alkenes. A similar binding the enthalpic reasons for this result are difficult to interpret
trend has been reported for gas-phase ligation bfvifeere ~ because the release of; Njas entropically drives the
the relative affinity was alkynes alkenes> alkane$® The substitution reaction. Therefore, a quantitative comparison
reasons why alkynes bind more strongly to transition metals ©f Nz to the other ligands is difficult at this time.
than alkenes are not clear. Using the back-bonding model Possible Implications for Nitrogenase.The mechanism
presented above, one might guess that alkynes have mor®f nitrogen fixation by nitrogenase is still obscure after
tendency to accept charge than alkeHedVe suggest decades of intense research. ENDOR studies on nitrogenase
tentatively that the availability of more interactions in the ~ enzymes with mutation at-Val70 have given detectable
diketiminate iron-alkyne complexes enables greater orbital intermediates in which substrates are bound toFeMoco,
mixing and stabilization of the complex. We hope that the including protons; hydrazine;® and alkynes! In each case,
results presented here motivate further spectroscopic andbinding is proposed to take place at one of the central Fe
theoretical work in this area. atoms of FeMoco. The crystal structure3$hares common
Surprisingly, PPhis a weaker ligand than alkynes and features with an FeMoco complex that has been freeze-
alkenes for the low-coordinate Fe complexes described heretrapped during propargyl alcohol reduction by nitrogenase
This observation is different from most organometallic (Figure 11)?%° Studies of the pH dependence of different
complexes, where P has high affinity for late transition metals mutants, geometric considerations, and theoretical calcula-
(soft acids). However, triarylphosphines are not strang tions led to a model in which the product (allyl alcohol) is
acceptor$? so this observation fits a model whereback- bound to a single Fe atom of the cofactor. The authors
bonding dominates the stability of the complex. The poor formulate this as an allyl alcohol complex, which exists as
binding affinity may also be due to steric effects: in the @ metallacylopropane, the result of substrate reduction by
crystal structure, the phosphine has one phenyl group intwo electrons. This interpretation is in concert with our results
proximity to two isopropyl groups of the diketiminate. A 0n synthetic low-coordinate Fe complexes, in which there

variable-temperature NMR study oftFePPhindicates that is substantia! charge transfer from the metal to the ligand.
rotation of the Fe-P bond is restricted on the NMR time ENDOR studies of the alkene and alkyne complexes reported

scale at—25°C 14 here are underway and are expected to provide further
Benzene binds to the diketiminate iron complexes fairly comparisons between the synthetic and biological chemistry
weakly and, of the ligands studied here, is able to displace of low-coordinate Fe complexes.
only N,. This trend is more general: in the styrene and Small alkynes are common substrates for nitrogenase, but
phenylacetylene complexes, styrene binds to Fe through thealkenes are very poor substraté&hen acetylene is reduced
alkene-alkyne bond instead of the phenyl ring. In the by nitrogenase, ethene is observed as a major product, with
literature, different preferences have been observed. Forless than 1% ethar®8. The underlying reason for the
example, an Os complex prefers binding to the triple bond differential reactivity toward alkenes and alkynes is unknown.
of phenylacetyleng&® but an Fe complex prefers arene The relative binding affinities of our model complexes
binding> provide an initial clue because alkynes bind more than
150 000 times stronger to the low-coordinate iron cefiter.

(48) Theoretical calculations show that the energy of deforming the ligand i i i i
is als0 important, CedenD. L. Weitz, E.J. Am. Chem. So@001 Although the coordination geometry and oxidation state of
123 1285712865.

(49) This trend has also been seen for pyridine complexes, which can act(55) lgarashi, R. Y.; Laryukhin, M.; Dos Santos, P. C.; Lee, H.-l.; Dean,

ass acceptors:Pol. J. Chem1987 61, 735-745. D. R.; Seefeldt, L. C.; Hoffman, B. Ml. Am. Chem. So2005 127,
(50) Baranov, V.; Becker, H.; Bohme, D. K. Phys. Chem. A997, 101, 6231-6241.
5137-5147. (56) Barney, B. M.; Laryukhin, M.; Igarashi, R. Y.; Lee, H.-l.; Dos Santos,
(51) Both alkenes and alkynes have negative electron affinities (the anions P. C.; Yang, T.-C.; Hoffman, B. M.; Dean, D. R.; Seefeldt, L. C.
are unbound). Experimental electron attachment energies indicate that Biochemistry2005 44, 8030-8037.
alkynes have more negative electron affinities, but high-level computa- (57) (a) Seefeldt, L. C.; Dance, I. G.; Dean, D.Bochemistry2004 43,
tions indicate that alkenes have more negative electron affinities. This 1401-1409. (b) Dos Santos, P. C.; lgarashi, R. Y.; Lee, H.-l;
makes it difficult to gauge the inherent ability of these groups to accept Hoffman, B. M.; Seefeldt, L. C.; Dean, D. Rcc. Chem. Re005
electron density. (a) Jordan, K. D.; Burrow, P. Bcc. Chem. Res. 38, 208-214.
1978 11, 341-348. (b) Zhan, C.-G.; Nichols, J. A.; Dixon, D. A. (58) lgarashi, R. Y.; Dos Santos, P. C.; Niehaus, W. G.; Dance, |. G.; Dean,
Phys. Chem. 2003 107, 4184-4195. D. R.; Seefeldt, L. CJ. Biol. Chem2004 279, 34770-34775.
(52) Orpen, A. G.; Connelly, N. @rganometallics199Q 9, 1206-1210. (59) Lee, H.-l; lgarashi, R. Y.; Laryukhin, M.; Doan, P. E.; Dos Santos,
(53) Harman, W. D.; Wishart, J. F.; Taube, korg. Chem.1989 28, P. C.; Dean, D. R.; Seefeldt, L. C.; Hoffman, B. Nl. Am. Chem.
2411-2413. S0c.2004 126, 9563-9569.
(54) Bart, S. C.; Hawrelak, E. J.; Lobkovsky, E.; Chirik, PQfganome- (60) Lowe, D. J.; Fisher, K.; Thorneley, R. N. Biochem. J199Q 272
tallics 2005 24, 5518-5527. 621—-625.
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Table 8. X-ray Diffraction Parameters
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LMeFe(HCCPh) 1) LMeFe(EtCCEL) ) LMeFe(CHCHPh) @) LMeFe(EtCHCHE) 4)
empirical formula G7H47N2Fe Q5H51N2Fe Q;7H49N2Fe C35H53N2Fe
fw 575.628 555.63 577.643 557.654
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2lc P2i/c P2i/n C2lc
a(h) 41.313(5) 17.120(2) 13.3997(4) 34.8961(10)
b (A) 10.2832(12) 17.110(2) 20.5608(7) 11.0547(3)
c(A) 17.732(2) 23.544(3) 13.7746(5) 20.7338(6)
p (deg) 107.267(2) 103.720(2) 110.3560(10) 122.58
V (A3) 7193.6 6699.6(15) 3558.0(2) 6739.9(3)
z 8 8 4
p (g cn3d) 1.152 1.102 1.078 1.099
w (mm™1) 0.448 0.473 0.488 0.471
R1, wR2 | > o(l)] 0.0426, 0.1088 0.0574, 0.1253 0.0763, 0.2023 0.0458, 0.1285
GOF 1.040 1.077 1.131 1.044

our complexes are not strictly comparable to the enzyme, 280 and 1100 nm on a Cary 50 UVWis spectrophotometer, using

they can be used to formulate a hypothesis: alkynes mayscrew-cap quartz cuvettes of 1-cm optical path length. Elemental
form a stronger enzymesubstrate complex, leading to more analyses were determined by Desert Analytics (Tucson, AZ).
efficient reductiorf2 After two-electron reduction, the alkene Carbon analyses on spectroscopically pure material were often low,

product would interact with Fe weakly and will be released possibly from the formation of iron carbide. Pentane, diethyl ether,
rather than undergoina further reduction tetrahydrofuran (THF), and toluene were purified by passage
going ' through activated alumina and “deoxygenizer” columns obtained

from Glass Contour Co. (Laguna Beach, CA). Deuterated benzene
was dried over Capiand then over sodium benzophenone and then
In this work, we present a general synthetic method for yacuum transferred into a storage container. Before use, an aliquot
low-coordinate Fe complexes of the typ¥eEe(ligand) with of each solvent was tested with a drop of sodium benzophenone
various Lewis bases as the second binding ligand. We alsoketyl in a THF solution. Celite was dried overnight at 2@under
give the first thermodynamic measurements on low- vacuum. Phenylacetylentans3-hexene, and styrene were distilled
coordinate Fecomplexes. The ligand binding affinity follows  under vacuum prior to use. 3-Hexyne was distilled under vacuum
the trend alkynes> alkenes> PPh ~ benzene> N,. and passed through several short alumina columns until the yellow

Electron-withdrawing groups increase the binding affinity, €°lor on the column disappeared. 4-Ethynylanisole (97%) and

consistent with back-bonding as the dominant contributor 3;;?:3;%:ﬁfég';rs'ﬂr:?:g\tgge?ﬁe(gze%;;’:;;i g‘:]:;:h";‘gegrg:& fA[lL
to the metatligand interaction. Therefore, the formal ' prep prop

o FeClL and LMeFeNNFelMe were previously reporte@?
description of the complexes as 'Fgoes not accurately X-ray Crystallography. Single crystals were mounted on a fiber
describe the substantial charge transfer to alkyalkene y WY graphy. sing'e cry

i ds. Th Ik b i ds th Ik for th under Paratone 8277 and immediately placed in a cgldtiéam
igands. That alkynes are better ligands than alkenes for the,; _gq oc on the X-ray diffractometer. The X-ray intensity data

low-coordinate Fe center may explain why nitrogenase can yere collected on a standard Siemens SMART CCD area detector
reduce alkynes efficiently, but not alkenes. system equipped with a normal-focus Mo-target X-ray tube operated
at 2.0 kW (50 kV, 40 mA). A total of 1321 frames of data (1.3
hemispheres) were collected using a narrow-frame method with
General Methods. All manipulations were performed under a  scan widths of 0.3in w and exposure times varying from 10 to 60
N, atmosphere using standard Schlenk techniques or in a Brauns frame! using a detector-to-crystal distance of 5.09 cm (maximum
glovebox maintained at or below 1 ppm of &d HO. Glassware 260 angle of 56.8). The total data collection time was typically
was dried at 150C overnight!H NMR spectra were recorded on ~ between 12 and 24 h. Frames were integrated to a maxintum 2
a Bruker Avance 400 spectrometer (400 MHz) at 22 and angle of 56.8 with the Siemens SAINT program. Laue symmetry
referenced internally to a residual protiated solverD@El at 7.15 revealed the crystal systems, and the final unit cell parameters (at
ppm; GD1;H at 1.38 ppm). Resonances are broad singlets unless —80 °C) were determined from the least-squares refinement of the
otherwise specified. IR spectra (458000 cnmt) were recorded three-dimensional centroids of the reflections. Data were corrected
on KBr pellet samples in a Shimadzu FTIR spectrophotometer for absorption wittSADABSThe space groups were assigned using
(FTIR 8400S). A total of 64 scans at a 2-chresolution were XPREP, and the structures were solved with direct methods by using
collected in each case. Electronic spectra were recorded betweer5ir92 (WinGX, version 1.63.02) and refined by employing full-
matrix least squares of 2 (SHELXTL version 5.04). The X-ray
(61) A reviewer has correctly noted a weakness of this model: the order diffraction data collection parameters are shown in Table 8. All of
of the binding affinities here, alkene N, is inconsistent with the e atoms were refined with anisotropic thermal parameters unless
fact that N is reduced by the enzyme but alkenes are not. However, . . L . L
we note that the geometries for alkyne or alkene binding versus N Otherwise noted. H atoms were included in idealized positions unless
binding are often different, and that alkyne binding anglihding otherwise specified.

are thought to occur in different oxidation levels of iremolybdenum - - .
nitrogenase. Clearly, the hypothesis advanced here should be tested The structure ol contained a disordered solvent molecule, which

using other model Comp|exes and the enzyme itself. was removed from the data (135 m|m 843.1 Ki pel’ unit Ce") US|ng

(62) Consistent with the relative binding constants described here, the the SQUEEZE function oPLATON The structure ofl contained
apparent dissociation constant for acetylene on the FeMoco (as deriveda disordered CKCH,CH=CHCH,CH; group. C34 and C44 of the
from EPR studies oK. pneumoniaaitrogenase) is much lower than . 2T ) 8 ) .
that for ethylene: Lowe, D. J.; Eady, R. R.. Thorneley, R. N. F. hexene are disordered in a 1:2 ratio for parts A and B, respectively.

Biochem. J1978 173 277-290. The rest of the hexene was modeled in a single part.

Conclusion

Experimental Section
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LMeFe(HC=CPh) (1). A Schlenk flask was loaded with a
solution of IMeFeNNFelMe (100 mg, 103umol) in pentane (10
mL). Phenylacetylene (28L, 206 umol) was added via syringe to

backbone €H), 34 (6H, backbone C§), 12 (2H, HG=CCsH,-
OCH; o/m-H), 11 (3H, HGECC¢H4OCH3), 10 (1H,HC=CCsHy-
OCHg), —12 (12H,'Pr methyl),—13 (4H, m-H), —25 (2H, p-H),

the dark-red solution, causing immediate effervescence. The solution—71 (12H, iPr methyl), —85 (4H, 'Pr methine) ppm. IR (KBr
was stirred at room temperature for 30 min and concentrated to 3pellet): 1717 cm?! (C=C). UV—vis (toluene): 328 { = 15.4

mL. Crystallization from pentane at35 °C gave dark-red needles
(88 mg, 74%).'"H NMR (400 MHz, GDg): 74 (1H, backbone
C—H), 35 (6H, backbone C#), 14 (1H, PhCCHp-H), 13 (2H,
PhCCH,m-H), —12 (12H,'Pr methyl),—13 (4H,m-H), —25 (2H,
p-H), —69 (12H,'Pr methyl),—83 (4H,'Pr methine) ppm. IR (KBr
pellet): 1717 cm?! (C=C). UV—vis (toluene): 328 = 15.7
mM~tcm™1), 395 ¢ = 6.8 mMtcm1), 524 ¢ = 0.6 mMtcml),
738 € = 0.2 mMtcm™1) nm. et (CeDg, 25°C): 4.7(7)up. Elem
anal. Calcd for gH4/NoFe: C, 77.20; H, 8.23; N, 4.87. Found:
C, 76.87; H, 8.10; N, 4.86. The other Fe complexes were
synthesized through an analogous route.

LMeFe(EtC=CEt) (2). Synthesized similarly td using 3-hex-
yne. Yield 79%.1H NMR (400 MHz, GDg): 124 (4H, CHCH»-
C=CCH.CHy), 91 (1H, backbone €H), 48 (6H, GH3;CH,C=
CCH,CHg), 37 (6H, backbone C§), —14 (12H,'Pr methyl),—18
(4H, mH), —25 (2H, p-H), —77 (12H,'Pr methyl),—86 (4H,Pr
methine) ppm. IR (KBr pellet): 1802 cm (C=C). UV-vis
(toluene): 329 =12.3 mM1cm™), 395 € =7.2 mMtcm),
512 € = 0.6 mMtcm™1) nm. yet (CoDg, 21°C): 4.4(8)up. Elem
anal. Calcd for GHsiNoFe: C, 75.66; H, 9.25; N, 5.04. Found:
C, 73.86; H, 9.18; N, 5.27.

LMeFe(CH,~CHPh) (3). Synthesized similarly tol, using
styrene. Yield 72%'H NMR (400 MHz, toluenedg): 78 (2H), 62
(1H, styrenep-H), 40 (6H, backbone C¥), 19 (1H, backbone H),
11 (2H), 5 (2H), 0 (6H,Pr methyl),—=5 (6H, 'Pr methyl),—14
(2H), —18 (2H),—29 (6H,'Pr methyl),—34 (6H,'Pr methyl),—77
(2H) ppm. There are six signals that integrate to two protons
[L(Ar) —o-H, L(Ar)—m-H, L(Ar)—p-H, styrene-o-H, styrene-m-
H, and'Pr methine], which were not assigned specifically. UV
vis (toluene): 3194 = 18.8 mM* cm™), 374 € = 11.7 mM?
cm™) nm. uer (CeDs, 25 °C): 4.8(7) us. Elem anal. Calcd for
CsHagNoFe: C, 76.93; H, 8.55; N, 4.85. Found: C, 70.45; H, 8.54;
N, 4.84.

LMeFe(EtCH=CHELt) (4). Synthesized similarly tdl, using
trans-3-hexene. Yield 52%!H NMR (400 MHz, cyclohexane-
dio): 29 (1H, backbone H), 14 (6H, backbone gH.6(3H, EtCH=
CHCH,CHg), 7.0 (3H, (H3CH,CH=CHE), 6.0 (2H),—1 (6H,'Pr
methyl), —2 (6H, 'Pr methyl), =21 (2H), —30 (6H, 'Pr methyl),
—38 (6H,'Pr methyl),—47 (2H),—54 (2H),—56 (2H),—103 (2H).
There are six signals that integrate to two protons [L{A®)H,
L(Ar)—m-H, L(Ar)—p-H, styrene-o-H, styrene-m-H, and 'Pr
methine), which were not assigned specifically. Y¥s (pen-
tane): 315¢ = 18.4 mMtcm™), 367 € = 10.4 mM1 cm?),
471 (1.9 mM cm ) nm. uerr (CeDs, 25 °C): 4.3(7) us. Elem
anal. Calcd for GsHssNoFe: C, 75.38; H, 9.58; N, 5.02. Found, C,
69.71; H, 8.90; N, 5.42.

LMeFe(4-ethynylanisole) (5).Sunthesized similarly td, using
4-ethynylanisole. Yield 90%H NMR (400 MHz, GDg): 76 (1H,

mM~tcm?), 395 € =6.2mM1cmY), 520 ¢ = 0.6 mMtcm?),
715 € = 0.2 mM1cm1) nm.

LMeFe(4-ethynylo,a,a-trifluorotoluene) (6). Synthesized simi-
larly to 1, using 4-ethynyle,a,a-trifluorotoluene. Yield 88%H
NMR (400 MHz, GDg): 72 (1H, backbone €H), 34 (6H,
backbone CH), 14 (2H, HG=CC¢H,CF; o/m-H), 10 (1H,HC=
CGsH4CFs), —12 (12H,'Pr methyl),—13 (4H, mH), —26 (2H,
p-H), —69 (12H,'Pr methyl),—82 (4H,'Pr methine) ppm. IR (KBr
pellet): 1720 cm! (C=C). UV—vis (toluene): 328 = 14.7
mM~1cm), 395 € =5.9 mM1cmY), 527 € = 0.6 mMtcm?),
734 € = 0.2 mMtcm) nm.

Equilibrium Constants. An excess of free ligands A and B was
added to a solution of X*Fe(ligand A) (0.08-0.5 mM). The
concentrations of Fe complexes were calculated as

a,[LM*Fe(ligand A)]+ b,[L *Fe(ligand B)]+ ¢, = A,
a,[LM*Fe(ligand A)]+ b,[L "*Fe(ligand B)]+ ¢, = A,

A; andA; are UV—vis absorptions atmay for LMeFe(ligand A) and
LMeFe(ligand B), respectivelyas, a, by, and b, are extinction
coefficients for complexeseFe(ligand A) and MeFe(ligand B)

at wavelengths 1 and 2; and c, are background absorptions
obtained by taking the U¥vis spectrum of a pure solvent with a
free ligand. The derived concentrations were used to calculate
equilibrium constants according to eq 1. All of the error bars are
calculated from the extinction coefficient. Details on the absorption
maxima, free ligand concentrations, calculated Fe complex con-
centrations, and equilibrium constants are given in the Supporting
Information.
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