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ABSTRACT: The addition of acids to ferrous dinitrogen
complexes [FeX(N,)(P*NMP™)(dmpm)]* (X = H, Cl, or Br;
pEINMepEt Et,PCH,N(Me)CH,PEt,; and dmpm
Me,PCH,PMe,) gives protonation at the pendent amine of the
diphosphine ligand rather than at the dinitrogen ligand. This
protonation increased the vy, band of the complex by 25 cm™
and shifted the Fe(II/I) couple by 0.33 V to a more positive
potential. A similar IR shift and a slightly smaller shift of the
Fe(1I/T) couple (0.23 V) was observed for the related carbonyl
complex [FeH(CO)(PENMPE)(dmpm)]*. [FeH(PE‘NMepE).
(dmpm)]* was found to bind N, about three times more strongly
than NH;. Computational analysis showed that coordination of
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N, to Fe(Il) centers increases the basicity of N, (vs free N,) by 13 and 20 pK, units for the trans halides and hydrides,
respectively. Although the iron center increases the basicity of the bound N, ligand, the coordinated N, is not sufficiently basic to
be protonated. In the case of ferrous dinitrogen complexes containing a pendent methylamine, the amine site was determined to
be the most basic site by 30 pK, units compared to the N, ligand. The chemical reduction of these ferrous dinitrogen complexes
was performed in an attempt to increase the basicity of the N, ligand enough to promote proton transfer from the pendent amine
to the N, ligand. Instead of isolating a reduced Fe(0)—N, complex, the reduction resulted in isolation and characterization of
HFe(Et,PC(H)N(Me)CH,PEt,) (P**NMPE) | the product of oxidative addition of the methylene C—H bond of the PE‘NMep

ligand to Fe.

B INTRODUCTION

The development of homogeneous transition metal complexes
for the reduction and/or functionalization of N, has been an
area of research for more than 40 years." Iron complexes have
been targeted2 for N, reduction studies because iron is an
abundant, inexpensive,3 and biorelevant transition metal found
in the active site of the nitrogenase metalloenzyme. The active
site of nitrogenase contains two Fe,S; cubane units connected
through a carbide and three sulfide linkers (Figure 1), where
one of the metal atoms (designated M in Figure 1) can be Mo,
V, or Fe.
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Figure 1. Proposed active site of nitrogenase, where M can be Fe, Mo,
or V.
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The nitrogenase metalloenzyme reduces N, using a
combination of protons and electrons at ambient temperature
and pressure to generate ammonia.” The N, reduction pathway
requires eight protons and eight electrons, producing one
hydrogen molecule and two ammonia molecules; a compre-
hensive understanding of the N, reduction mechanism has been
sought for over three decades.® Recent spectroscopic studies on
the FeMo cofactor from the groups of Hoffman and Seefeldt
suggest N, reduction occurs by an “alternating” reduction
pathway (symmetric pathway in Scheme 1), where N, is
reduced stepwise, with protonation occurring first at the distal
N atom followed by protonation at the proximal N atom,
possibly involving multiple iron centers in oxidation states
common to biological systems (e.g., Fe'' and/or Fe'; Scheme
1).°*” Importantly, these findings encourage the development
of synthetic systems to both replicate and understand the
factors that govern N, binding, elucidate the mechanism of
reduction pathways, and examine the protonated N,
intermediates along the reduction pathway.
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Scheme 1. Possible N, Reduction Pathways with Iron
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To date, two types of coordination complexes have been
shown to catalytically reduce N, to NH; with profons and
electrons. In contrast to nitrogenase, these coordination
complexes are proposed to undergo an asymmetric reduction
of N, to NH; (Scheme 1), where protonation occurs first at the
distal nitrogen atom, followed by NH; expulsion, prior to
protonation of the proximal nitrogen atom. Schrock’s Mo
triamidoamine catalyst has been shown to produce eight
equivalents of NH; (four turnovers).® In a recent example by
Nishibayashi et al,, a Mo catalyst supported by a phosphine-
based pincer ligand was shown to produce 23 equivalents of
NH; (12 catalyst turnovers).” Although these two Mo-based
complexes catalyze the reduction of N, to ammonia, only
stoichiometric ammonia formation has been demonstrated with
iron-based complexes.'® The stoichiometric production of
ammonia and hydrazine in yields ranging from 4 to 82% has
been reported using Fe'' ' Fe! '* and Fe? dinitrogen13 and iron-
nitride complexes.'* Peters and co-workers expanded upon this
previous work by demonstrating that upon the addition of an
external reductant, N,H, generation can be increased from 17
to 47%."°

Biological enzymes hydrogenase and nitrogenase have been
found to emg)loy pendent bases (histidine-195 in the case of
nitrogenase),”*'® or proton channels,**'” to promote the
activation/production of H, and N,, through proton-coupled-
electron-transfer (PCET) reactions.'® One way to design a
molecular catalyst to promote PCET reactions is by the
incorporation of pendent amines that function as proton relays,
in the second coordination sphere of the ligand. This concept
has been previously employed in the electrochemical reduction
of protons to H, in diphosphine supported Ni catalysts,'* and
in the reduction of dioxygen.** Recognizing that protonation of
the pendent amine groups can modulate the redox potential of
the complex and appreciating the importance of controlling
proton movement in these multiproton, multielectron reac-
tions, we sought to explore the effect of pendent amines as
proton relays on the coordination of N, and its subsequent
protonation,®' with the ultimate goal of catalytic reduction of
N, to NH,.

Herein, we report the synthesis of ferrous dinitrogen
complexes of the type [FeX(N,)(PENMP*)(dmpm)]* (X =
H, Cl, or Br; P*NMP* = Et,PCH,N(Me)CH,PEt,; and dmpm
= Me,PCH,PMe,), which introduces a basic pendent amine
site in the phosphine ligand backbone. In this investigation, we
study the reaction of the Fe(N,) complexes with acid and
examine the effects of protonation with regard to N, ligand
binding and redox behavior. We complement these exper-
imental results with a computational study to provide a
quantitative comparison of the basicity of the Fe-bound N, and
the pendent amine. In addition, N, ligand substitution by NH;
and H, is examined, and initial efforts to prepare Fe’-N,
complexes with the PPN™P¥" ligand are described.
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B RESULTS AND DISCUSSION

Synthesis and Characterization of Ferrous N, Com-
plexes. To assess whether the introduction of a proton relay in
the ligand of a ferrous dinitrogen complex aids in N, binding
and subsequent reduction to ammonia, we synthesized
complexes of the type [FeX(N,)(P*NMP*)(dmpm)]* (X =
H, Cl, or Br; P*'NMP = Et,PCH,N(Me)CH,PEt,; and dmpm
= Me,PCH,PMe,; see Figure 2). The P*NMP* ligand was
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Figure 2. Ferrous complexes containing pendent amines used in the
synthesis of Fe—N, complexes.

chosen to allow for the direct comparison of N, chemistry to
the previously reported H, chemistry, [FeH(H,)(P**NMept).
(dmpm)]*.>* Incorporation of only one pendent amine allowed
for an easier comparison to previously reported ferrous
dinitrogen complexes.” The dinitrogen complex was prepared
as shown in eq 1. The iron chloride complexes

" ¥ e,
Et, X M Et. N Me
L HOR QL TN © U
p—Fe=p p—e=p (1)
A THF or CgHsF Eizlll Me,
-NaX or KX
X = Cl (1(H)), Br (2(H)) [3(N2)]*

FeClL,(P*'NMePE) (dmpm) (1(Cl)) and FeHCI(PHNMP)-
(dmpm) (1(H)) have been previously reported by DuBois
and co-workers,”*® and iron bromide FeBr,(PENMepEt)
(dmpm) (2(Br)) and FeHBr(P*N™P*)(dmpm) (2(H)) are
reported herein. FeHBr(P*N™*P)(dmpm) was prepared
following the synthetic method reported for FeHCI-
(PE*NMePEY) (dmpm),>** by the addition of Bu,NBH, to
FeBr,(P*NMPE) (dmpm) in THF at —35 °C, and was isolated
in 48% yield.

Ferrous dinitrogen complexes were synthesized via abstrac-
tion of a halide from the parent dihalide and hydrido-halide
complexes. The N,-hydride complex trans-[FeH(N,)-
(PENMPE) (dmpm)]* ([3(N,)]*) can be prepared by halide
abstraction from FeHCI(P®*NM°PE')(dmpm) (1(H)) or
FeHBr(P*NMP*)(dmpm) (2(H)) using salts containing
noncoordinating anions: NaBPh,, KB(CFs),, or NaBAr",
(Arf = 3,5-bis(trifluoromethyl)phenyl) in 60—75% yield (eq
1). The reaction of 1(H) or 2(H) with NaBPh, in THF yielded
[3(N,)]* in ~2.5 h as monitored by in situ IR spectroscopy
(Figure 3) and *'P NMR spectroscopy. [3(N,)]BPh, exhibits a
Uny band at 2095 cm™ (KBr; 2103 cm™ in THF) and a Vg
band at 1886 cm™' (KBr). The measured vibrational
frequencies of [3(N,)]BPh, are similar to the values previously
reported for trans-[FeH(N,)(dmpe),]BPh, (dmpe
Me,PCH,CH,PMe,; 1y = 2094 cm™), vy = 1841 cm™
(ethanol))** and [FeH(N,)((P(C;H;OMe),CH,),),]BPh,

dx.doi.org/10.1021/ic4000704 | Inorg. Chem. 2013, 52, 4026—4039
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Figure 3. In situ infrared spectra versus time, monitoring the
formation of [3(N,)]* (vxn = 2103 cm™) from the halide abstraction
of 1(H) (Vge = 1816 cm™) with NaBPh, in THF over 4 h.

(van = 2088 con™ (KBr)).** The 3'P NMR spectrum of
[3(N,)]* contains two multiplets of an AA’XX’ pattern at &
389 and —0.1, assigned as the PENMP*' and dmpm
resonances, respectively. The hydride resonance in the 'H
NMR spectrum appears as a multiplet at 6 —14.6, which is
about 13 ppm downfield from the hydride resonance of 1(H)
or 2(H). Reactions to prepare [3(N,)]* performed in
fluorobenzene, employing KB(C¢F;), or NaBAr', as a halide
abstraction agent, were considerably faster than in THF and
reached completion within seconds. Experiments performed
using '°N, resulted in the expected shift of the vy band to 60
cm™' lower frequency, appearing at 2054 cm™' (fluoroben-
zene). The N NMR spectrum (THF-dg) exhibits two
resonances at 6 —41.8 and 6 —59.8 vs CH;NO,, assigned as
the distal and proximal nitrogen atoms, respectively. Dis-
solution of this complex in fluorobenzene under ambient '*N,
atmosphere resulted in complete exchange of the '°N, label for
N, over the course of ~2 h.

Vapor diffusion of pentane into a fluorobenzene solution of
[3(N,)]B(C¢Fs), produced yellow X-ray quality crystals in
60% yield. The molecular structure, shown in Figure 4, reveals a
slightly distorted octahedral Fe(II) cation with the PEN™¢pF
and dmpm ligands in the equatorial plane. The P3—Fe—P4
angle of the dmpm ligand is 73.85(14)°, while the P1—Fe—P2

&
:

Figure 4. Molecular structure of the cation [FeH(N,)(PE*NMePH)-
(dmpm)]* ([3(N,)]*). Thermal ellipsoids are drawn at 30%
probability. The hydrogen atoms (except for the Fe—H) are omitted
for clarity. Selected bond distances (A) and angles (deg): P(1)—Fe(1)
=2214(1), P(2)—Fe(1) = 2.208(1), P(3)—Fe(1) = 2.222(1), P(4)—
Fe(1) = 2219 (1), Fe(1)-N(2) = 1.827(1), Fe(1)-H(1A) =
1.457(18), N(2)-N(3) = 1.109(2), P(2)—Fe(1)—P(1) = 90.73(1),
P(3)—Fe(1)-P(4) = 73.85(1), N(2)—Fe(1)—-H(1A) = 178.9(7),
Fe(1)-N(2)-N(3) = 178.67(12).

N3
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angle of the P*NMP* ligand is 90.73(14)°. The average Fe—P
bond length for the P*NM*P* ligand is 2.211(4) A, and the
average Fe—P bond length for the dmpm ligand is slightly
longer at 2.221(4) A. The hydride ligand trans to the N, ligand
was located from the difference map and exhibits a H—Fe—
N(2) angle of 178.9(7)°. The Fe—H and Fe—N, bond lengths
are 1.46(2) A and 1.827(1) A, respectively. Values involving the
Fe—H bond length should be interpreted cautiously since
hydrogen atoms are not located with high accuracy by X-ray
diffraction studies.”® The N(2)—N(3) bond length of the
coordinated N, ligand is 1.109(2) A. For comparison,
[FeH(N,)(dmpe),]BPh, and [FeH(N,)(depe),]BPh, have
N—-N bond lengths of 1.13(3) A and 1.070(12) A,
respectively.”>*® In all of these examples, the N, ligand is
considered to be only weakly activated with respect to free N,
(1.0975 A)* based on N—N bond length and IR stretching
frequency, described above. The six-membered ring formed by
coordination of the P*'N™P¥' ligand to the Fe center resides in
the chair conformation with the pendent amine positioned exo
with respect to the N, ligand (Figure 4).

Halide abstraction from 1(Cl) or 2(Br) with KB(C4Fs), in
fluorobenzene under an N, atmosphere resulted in the
formation of [FeCI(N,)(PE*NMP®)(dmpm)]* ([1(N,)]*) or
[FeBr(N,) (P*NMPE) (dmpm)]* ([2(N,)]*), which contains a
vy band at 2110 and 2111 em™, respectively (eq 2). In

—|+

N
N3 i
Me“Nu—E}E.;‘(_..yez Na* or K* Me"N___E,lfI:?l ..Pﬁﬂez
LE" Ieh'ﬁl}‘ CgHsF LE’ F"‘E}}- (2
f2 X = -NaX or KX 2 X 2

X =Cl(1(Ch), Br (2(Br)) X = Cl([1(N2)1"), Br ([2(N2)I")
contrast to [3(N,)]*, the N, ligand was found to be highly
labile.”” For example, no ryy band was found in the IR
spectrum of the solid product collected in KBr after removing
the solvent from [2(N,)]* under a vacuum, or if the reaction
was undertaken in THF. Crystallization of the reddish-orange
solution under an N, atmosphere yielded a red crystalline
product for which the elemental analysis is consistent with a
five-coordinate complex without an N, ligand, [FeBr-
(PENMPH)(dmpm)]*. Although an X-ray diffraction study of
these crystals did not yield a structure of publishable quality,
the refined data clearly showed connectivity in the first
coordination sphere in which a five-coordinate iron center
coordinated to four phosphines and a bromide could be
observed. To our knowledge, only two examples of a 5-
coordinate Fe complex of this type have been structurally
characterized, reported by Tyler et al.** and Tuczek et al.*®
[1(N,)]* can also be prepared from 1(H), by reaction with
either Ph;C* or B(CFs); in chlorobenzene-d;. However,
further attempts to obtain better crystallographic data of
[1(N,)]* or the five-coordinate iron complex were unsuccess-
ful.

Protonation Studies of [FeH(N,)(PEN"ePEt)(dmpm)]*
([3(N2)1*). The addition of acids to [3(N,)]* was investigated
by a combination of 'H, *'P, and "N NMR spectroscopy and in
situ IR experiments. Accordingly, the lability of N,, subsequent
decomposition pathways, and IR spectroscopic signature of N,
bound to Fe in the protonated complex were investigated. For
the NMR studies, "N, was incorporated into [3(N,)]*,
([FeH("N,)(P*'NMPE) (dmpm)]BPh,), to conveniently ac-
quire "N NMR spectral data. The addition of one equivalent of
triflic acid (HOTf) to [3(**N,)]BPh, at —35 °C in THF-d;

dx.doi.org/10.1021/ic4000704 | Inorg. Chem. 2013, 52, 4026—4039
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resulted in the protonation of the pendent amine of the
PE‘NMeP¥! Jigand and the formation of two protonated isomers
(either endo or exo with respect to the N, ligand; [3(**N,)-
HJ]*"), see eq 3 and Figure S. Two pairs of multiplets of an

N
B N,
N
B Ng
-40 -45 -50 -55 -60 -65 -70
ppm

Figure 5. "N{'H} NMR spectra at —35 °C in THF-dg of (bottom)
[3(*>N,)]* and (top) [3(**N,)]* with one equivalent of HOTf, where
N, = proximal nitrogen atom and Nj = distal nitrogen.

AA'XX' pattern are observed in the *'P NMR spectrum at &
47.9, —1.2 and 6 52.8, —0.2 in a ~3:1 ratio, assigned as the
PPNMP* and dmpm ligands, respectively. Notable features in
the corresponding 'H NMR spectrum include two pentets
corresponding to the hydride ligand at § —14.62 ('Jyp = 47.6
Hz) and —14.92 (“Jyp = 48.2 Hz) and two broad peaks at &
9.54 and 9.35 assigned to the NH of the protonated pendent
amine for the major and minor product, respectively (see
Supporting Information for NMR spectral data). A cross-peak
in the "H—"N correlation experiment (HSQC) confirmed this
assignment as the protonated pendent amine with the
corresponding "N NMR shifts at § —337.3 and —335.9 for
the major and minor isomers, respectively. The observed "N
chemical shifts are consistent with values reported for
protonated alkyl amines.”” "N NMR spectral data also contain
two pairs of singlets (four total resonances) in a ~3:1 ratio. The
major isomer, at 6 —43.3 and —66.5, and the minor species
located at § —44.0 and —69.2 (Figure 5), correspond to the
distal (Nj) and proximal (N,) nitrogen atoms of N,
respectively. While NMR studies have not established which
protonated isomer, exo-[3(N,)H]** or endo-[3(N,)H]*, is the
major product (NOESY experiments were inconclusive), it is
probable that the major isomer contains the proton on the
pendent amine positioned exo with respect to the N, ligand (eq
3). This assignment has been corroborated by DFT calculations
(see computational section below).

The protonation of [3(N,)]* was investigated further by IR
spectroscopy. For this experiment, complex [3(N,)]B(C¢F;),
was conveniently generated in situ from 2(H) and one
equivalent of KB(C4Fs), in fluorobenzene. The reaction,
monitored by in situ IR spectroscopy, yielded a vy band of
[3(N,)]B(C¢Fs), at 2114 cm ™. The addition of one equivalent
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of [H(OEt,),][B(C¢F;),] to a solution of [3(N,)]* at —40 °C
resulted in an immediate increase in the stretching frequency of
the vy, band by 25 cm™ to 2139 cm™, as shown in Figure 6.

[3(N)H]™

[3(N:)"

’—'_'"jll!!

2200 2175

f"llfl||||||||||

2150 2125 2100 2075
Wavenumber (cm-1)

Figure 6. In situ IR plot recorded at —40 °C from the reaction of
[3(N,)]B(C¢Fs), with one equivalent of [H(OEt,),][B(C4F;),] in
fluorobenzene followed by the addition of one equivalent of Et;N. The
total reaction time was SO min (each increment is 1 min).

The complex resulting from protonation of [3(N,)]*, ([3(N,)-
H]*"), is stable in solution for over 24 h at —40 °C, and the
protonation of [3(N,)]* is reversible upon the addition of a
base (Et;N). This is a unique example of a ferrous-N, complex,
where the shift in the stretching frequency of the 4y band was
a result of directly protonating the ancillary ligand. The
observed increase in vy, stretching frequency indicates that N,
is not protonated, as a lower energy N, band would be expected
if that were the case.*

To explain the origin of the increase in the vy, band, two
possibilities are considered: a through bond inductive effect
(diminished back-bonding to the N, ligand) or an electrostatic
effect (due to increased positive charge of the complex). In a
related example by Schrock and co-workers, the addition of one
equivalent of acid to the molybdenum complex Mo(N,)-
(HIPTN;N) (HIPT = 3,5-(2,4,6-PryC¢H,),C¢H;), supported
by the triamidoamine ligand, generates a protonated product in
which the 14y, band shifts 67 cm™, from 1990 to 2057 cm ™'
Their studies suggest that direct protonation of one of three
amido groups of the ligand resulted in decreased back-bonding
to the dinitrogen ligand, increasing the frequency of the vy
band. Studies by Sellmann and Sutter reveal an analogous result
in the shift of the v band stretching frequency used to probe
the electronic effect induced by protonation at the sulfur atom
of a bound thiolate donor of the bis-benzene-dithiolate ethylene
bridged ligand in [Fe(CO),(MeSC4H,SC,H,SC(H,SMe)] or
the bis-benzene-dithiolate bis-ethylene-amine bridged ligand in
[Fe(CO)(SC(H,SC,H,NHC,H,SC;H,S)]. In this example,
protonation of the thiolate directly bound to the Fe center
resulted in an increase of the co bands by ca. 40 cm™.5 The
greater magnitude of this shift in stretching frequency observed
by Sellmann and Sutter, compared to the smaller difference
between [3(N,)]* and [3(N,)H]*, can be attributed to the
difference in the through bond proximity of the protonated site
to the metal center. In complexes structurally similar to
[3(N,)]*, where the proximity of the protonated group to the

dx.doi.org/10.1021/ic4000704 | Inorg. Chem. 2013, 52, 4026—4039
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metal center is comparable, smaller carbonyl frequency shifts
have been observed. For example, the addition of protons to
azadithiolate [FeFe]-hydrogenase model complexes results in a
Vo shift of 15 cm™ independent of the nitrogen substituents
or number of phosphines present on the iron centers.>>

For the protonation of [3(N,)]*, the shift of the vy, band is
ascribed to be electrostatic in origin. This assessment is made
on the basis of the increase in positive charge of the molecule
from a monocation to a dication and is supported by a shift of
similar magnitude in the protonation of the CO analogue and
by DFT calculations, both described below.

Protonation reactions of [3(N,)]" performed at 25 °C reflect
a remarkable difference in the lability of the N, ligand and
stability of [3(N,)H]*". Following the procedure described
above, the addition of one equivalent of [H(OEt,),][B(C4F;),]
in fluorobenzene at 25 °C resulted in the formation of
[3(N,)H]*" as observed by an immediate shift of the vy, band
to 2139 cm™, but [3(N,)H]** is thermally unstable at 25 °C.
In situ IR spectra collected at 15 s intervals reveal the
intermediacy of the vy band and the instability of [3(N,)H]*",
as the vy band first shifts from 2114 to 2139 cm™ and then
disappears within 30 s (see Supporting Information for IR
traces). In addition, '"H and "N NMR spectral analysis shows
that upon warming [3(N,)H]** to 25 °C, in addition to the
free phosphine ligand and an unidentified diamagnetic product,
N, is ejected from the complex and H, is produced. The
generation of H, and loss of N, is irreversible, and the addition
of Et;N to the resulting product did not regenerate [3(N,)]".

Substitution Reactions of Ferrous N, Compounds. To
examine the lability of the N, ligand in [3(N,)]* and [1(N,)]*,
ligand substitution reactions with CO were investigated. For
[3(N,)]*, the displacement of N, by CO (1 atm) in
fluorobenzene occurred slowly over the course of ~2 h as
monitored by in situ IR spectroscopy, affording [FeH(CO)-
(PENMePE) (dmpm)]* ([3(CO)]*) (eq 4). The v¢o band at

BE

N o I
Mewh_gt?'?' 'F‘,"92 co Me~ wEtz? ',ﬁ'e?
\p=fSp THE \—p-feSpa
Eta H Me; -Np Eta H Mey
[3(N2)T* [3(coy*

a

1938 cm™! matched that of the previously reported complex.*”
A similar rate of substitution was observed in the exchange
reaction of '°N, from [3(**N,)]* for '*N,, suggesting that N,
dissociation is the rate-limiting step.

In an analogous reaction monitored by in situ IR spectros-
copy, fluorobenzene solutions of [1(N,)]B(C¢F;), rapidly lost
N, (<15 s) upon exposure to CO (1 atm), resulting in the
previously reported complex [FeCl(CO)(P*N™*P*) (dmpm)]*
([1(CO)]*) (eq 5).*** Identical results were obtained for

L o It
Et.
MeuN‘___EEE rf g‘ez co Me-N__p,2 ¢ g‘ez <
\p—Fe=<px THE \_p—Fespn ©
Et X Me; N, Et: X Mes

X = CI{[1(N2)I"), Br ([2(N2)I") X =CI([1(CO)I"), Br ([2(CO)I")

[2(N,)]*, generating [FeBr(CO)(PH*N™P¥)(dmpm)]* ([2-
(CO)]*), indicating that the trans halide ligands are less
effective at stabilizing the coordinated N, compared to the
hydride. Halides are poor o-donors and better z-donors than
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hydride ligands, which dramatically affects the lability of the N,
ligand (vide infra). The vco bands for [1(CO)]* and
[2(CO)]*, 1936 and 1947 cm™', respectively, match the
previously reported data.***** X-ray quality crystals of [1-
(CO)]* and [2(CO)]* were grown from vapor diffusion of
pentane into THF solutions, and details of the structural
determinations are provided in the Supporting Information.
On the basis of 'H and >N NMR spectroscopic data, the
protonation reactions of [3(N,)]* and [2(N,)]* occur at the
pendent amine. To further probe the origin and magnitude of
the shift in IR frequency of the protonated species, and to
validate our spectroscopic results, we examined the protonation
chemistry of the CO containing complexes, [1(CO)]*
[2(CO)]*, and [3(CO)]**** Generation of [1(CO)]* and
[2(CO)]* from the addition of CO to [1(N,)]* and [2(N,)]*
resulted in a 1o band at 1943 and 1947 cm™, respectively.
The addition of one equivalent of [H(OEt,),][B(C4Fs),] in
fluorobenzene to [1(CO)]* and [2(CO)]* resulted in a shift of
the vco band by 25 (1943 to 1968) and 24 (1947 to 1971)
cm™!, respectively (Figure 7). The protonation of [1(CO)]*

2050  2pgp

Wavenumber fcm-1) 1950

1900

Figure 7. In situ IR plot recorded at 25 °C in fluorobenzene from the
reaction of (A) [2(N,)]* with CO to form [2(CO)]*, (B) the addition
of one equivalent of [H(OEt,),][B(CFs),] forming [2(CO)H]**, and
(C) the addition of one equivalent of Et;N, generating [2(CO)]*.
Each product was stirred for 15 min before addition of the subsequent
acid or base (total reaction time = 45 min).

(pK, = 9.6 in MeCN for [1(CO)H]**) was previously shown
to occur at the pendent amine and has been only characterized
by NMR spectroscopy.”>* The addition of 1.5 equivalent of
Et;N resulted in a return of the CO band back to the original
position for [1(CO)]* and [2(CO)]*. Treatment of [3(CO)]*
with acid resulted in a 22 cm™" shift, and [3(CO)]* could be
regenerated by adding an equivalent of Et;N to [3(CO)H]*"
(see Supporting Information). The protonation of [3(CO)]*
(pK, = 10.5 in MeCN for [3(CO)H]*") was also previously
shown to occur at the pendent amine and was only
characterized by NMR spectroscopy.”**

The formation of both dihydrogen and ammonia by
nitrogenase enzymes prompted us to explore the displacement
of dinitrogen by dihydrogen and ammonia. Exposure of a
degassed THF-dg solution of [3(N,)]B(C4Fs), to one
atmosphere of H, resulted in complete conversion to trans-
[FeH(H,) (PENMPE) (dmpm)]* ([3(H,)]*),*** over the
course of 48 h as monitored by *'P NMR, with multiplets at
5 49.9 and 3.4 and a very broad peak at § —8.7 in the '"H NMR
spectrum (eq 6). Removal of the dihydrogen atmosphere and
introduction of an atmosphere of '*N, resulted in complete
conversion back to [3(**N,)]B(C4F;), over the course of 3 h,
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indicating that the binding of both N, and H, is reversible. The
increased rate of binding dinitrogen suggests a higher lability of
the dihydrogen adduct and that [FeH(P*N™P¥)(dmpm)]*
has a slight preference for dinitrogen binding.

Treatment of a pale yellow, degassed THF-dg solution of
[3(N,)]B(C¢Fs), with one atmosphere of *NH, resulted in a
change to dark yellow after 30 min at 25 °C (eq 7). Complete

Irlll —I + j +
N Hj
vy BN Mo ey SR
\p—Fe~pn T Lp-rF ﬂ-pk 3
Et H Me N Ety H Me,
=Ny
[3(N2)1* [3("*NH3)]"

conversion to [FeH('*NH,)(P*'NMP*")(dmpm)]* ([3-
(**NH;)]*) required about 5 h as determined by *'P and 'H
NMR spectroscopy. Prolonged exposure (beyond 12 h) to an
excess of NHj resulted in dissociation of the phosphine ligands
from the Fe center. *P NMR resonances shifted from & 38.8
and —0.8 for [3(N,)]B(C4Fs), to 47.9 and 2.6 for [3(**NH;)]-
B(CgF;),, and a sharp resonance in the N NMR spectrum at
—433.1 confirmed the presence of a bound “NH; ligand.
Additionally, a concomitant shift of the hydride resonance in
the 'H NMR spectrum from § —14.5 to —25.5 indicated ligand
exchange had occurred. Protons of the bound amine ligand
were anticipated to resonate in the upfield region around &
—0.1. For example, in previously reported Fe-NH; complexes
of this type, the NH; protons were assigned as a broad singlet
at § —1.61 and —0.09 for trans-[Fe(H)(NH,)(dmpe),]-
[Ci3Ho]** and [Fe(H)(NH,)(dmpe),][BPh,]** (both in
THF-dy), respectively, and —0.86 for trans-[Fe(H)(NH,)((P-
(C;H¢OMe),CH,),),][BPh,] in C¢D4*® However, for [3-
("*NH,)]B(C¢F;),, no resonances were found in this region of
the 'H NMR spectrum. Further analysis of the sample by a
'"H-N HSQC correlation experiment located the 'H
resonance of the bound amine ligand at § 1.61, correlating to
the '°N signal at 5 —433.1. A similar downfield resonance for
the amine protons was also observed for [3(*SNH,)]BPh,,
which eliminated a hydrogen bonding interaction with the
fluorine atoms in the anion (see description of solid state
structure below) as the cause of the unusually downfield
resonance for the amine protons. It is unclear if an interaction
with a pendent amine group in the P®NMP ligand is
responsible for this observation.

In contrast to the rapid ligand exchange for [3(**NH,)]B-
(C¢Fs)4 Tyler and co-workers reported that the treatment of a
THF solution of trans-[FeH(N,)((P(C;H4OMe),CH,),),]*
with a saturated NH; solution required two days to obtain
full conversion to trans-[FeH(NH,)((P(C;HsOMe),CH,),),]*
and that an argon atmosphere is required for this reaction to
occur. Investigating the ligand exchange reaction in the
opposite direction, exposure of a THF-dg solution of isolated
[3(**NH,;)]B(C¢F;), to 1 atm of "N, resulted in a mixture of
[3("*'NH;)]B(C4F;), and [3(N,)]B(C4Fs), with an equili-
brium constant at 25 °C of ~2.5.
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Crystallization of [3(**NH;)]B(C4Fs), by the vapor
diffusion of pentane into fluorobenzene under an argon
atmosphere resulted in X-ray quality crystals. Crystallographic
analysis of [3(**NH;)]B(C4Fs), confirmed the presence of the
Fe bound NH; ligand, with an Fe—NH; bond distance of
2.111(3) A (Figure 8). The observed Fe—NH, bond distance in

x//ﬁ\\"\/,,
HIA \

\..

Figure 8. Molecular structure of the cation [FeH("*NH,)(P*NMP™)-
(dmpm)]* ([3(**NH;)]*). Thermal ellipsoids are drawn at 30%
probability. The hydrogen atoms (except for the Fe—H and NH;) and
B(CgF;),” anion are omitted for clarity. Selected bond distances (A)
and angles (deg): P(1)—Fe(1) = 2.209(1), P(2)—Fe(1) = 2.195(1),
P(3)—Fe(1) = 2.210(1), P(4)—Fe(1) = 2.207 (1), Fe(1)-N(2) =
2.111(3), Fe(1)—H(1A) = 1.42(3), P(2)—Fe(1)-P(1) = 90.87(4),
P(3)—Fe(1)-P(4) = 73.69(1), N(2)—Fe(1)—H(1A) = 178.9(13).

[3(**NH;)]* is in accord with the Fe—NHj, distance reported
for [FeH(NH,)(dmpe),]OH (2.103 A)** and is within the
range of other greviously reported Fe—NH; complexes
(2.008—2.190 A).*” In addition, the six-membered ring of the
PPNMeP¥ ligand is in the chair configuration with the pendent
amine positioned exo with respect to the NH;. Thus, in the
solid state there does not appear to be an interaction between
the pendent methylamine group and the protons of the Fe
bound NHj;. However, in the crystal lattice a hydrogen bonding
interaction (~3.2 A) was observed between the fluorine
substituents of the B(C4F;), anion and the protons of the Fe
bound NH; group (see Supporting Information). The
remaining bond lengths and angles of [3('*NH,)]B(CF;),
were found to be similar to those of [3(N,)]B(C4Fs), (see
above).

Electrochemistry of Ferrous-N, Complexes. The
electrochemistry of [3(N,)]BPh, was investigated and
compared to [FeH(N,)(dmpe),]BPh,,** to further understand
the effect of pendent amines on the proton transfer chemistry
of the N, reduction. [FeH(N,)(dmpe),]BPh, has been
previously shown to produce NHj; in 4% yield when treated
with H,SO,.'"® The cyclic voltammogram of [FeH(N,)-
(dmpe),] BPh4 exhibits an irreversible reduction wave assigned
as the Fe”! couple at —1.89 V in CH,Cl,. All reduction
potentlals are referenced to Cp,Fe”* at 0 V using Cp*,Fe”*
(E;, = —0.53 V) as a reference. An irreversible peak
correspondmg to the oxidation of the iron hydride is observed

—0.60 V in CH,Cl,. For comparison, the irreversible Fe'!
reduction wave of [3(N,)]BPh, at —24 °C (—2.58 V) was
observed at a 0.25 V more negative potential than that of
[FeH(N,)(dmpe),]BPh, (see the Supporting Information for
the voltammogram).

To study the effect of the added acid on the Fe'’' redox
couple, cyclic voltammetry of [FeH(N,)(dmpe),|BPh, and
[3(N,)]BPh, was performed in the presence of acid. The
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addition of one equivalent of [H(OEt,),][B(C¢F;),] to
methylene chloride solutions of [FeH(N,)(dmpe),]BPh,
resulted in a proton reduction wave that is attributed to the
direct reduction of H* to H, by the electrode (Figure 9), with
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Figure 9. Cyclic voltammograms showing the effect of acid on (top)
[FeH(N,)(dmpe),]BPh, (25 °C) and (bottom) [3(N,)]BPh, (—24
°C), in CH,Cl,. Acid = [H(OEt,),][B(C4Fs),]. Electrolyte = 0.1 M
[Bu,N][B(C¢Fs),); scan rate = 100 mV/s.

an onset of the proton reduction occurring at a potential of
—2.26 V. As indicated above, when one equivalent of acid is
added to [3(N,)]BPh,, the protonation occurs on the pendent
amine as opposed to the N, ligand, and through cyclic
voltammetry experiments we aimed to probe the effect of this
protonation on the reduction potential of the Fe'"! couple. The
protonation reaction was undertaken at —24 °C because
[3(N,)H]*" is more stable at lower temperatures. The addition
of one equivalent of [H(OEt,),][B(C4Fs),] to [3(N,)]BPh,
resulted in a shift of the onset potential of the reduction wave
corresponding to the Fe'! couple to shift about 0.33 V to more
positive potentials (Figure 9). To compare the effect of
protonation of the pendent amine on the redox potential of the
iron center, we also examined the redox chemistry of
[3(CO)]". Unlike the IR studies described above that resulted
in almost identical vibrational frequency shifts upon proto-
nation of the pendent amine for both [3(N,)]* and [3(CO)]",
the redox potential for the Fe'’! couple was found to differ by
0.10 V, where the protonation of [3(N,)]* exhibits a larger shift
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in redox potential. Similar results were observed by Sellmann
and Sutter where protonation or alkylation of the thiolate of
[Fe(CO)(SC¢H,SC,H,NHC,H,SC(H,S)] was found to shift
the redox potential by 0.50—0.70 V per protonation or
alkylation.> The larger shift in redox potential observed in
Sellmann and Sutter’s complexes is attributed to the closer
proximity of the proton/alkyl group to the iron center.

Protonation Reactions to Form NHj;. Reports of
ammonia production by protonation of ferrous-N, complexes
are rare, and yields of ammonia are low (<4%, with respect to
the metal, in the case of the reaction of trans-[FeH(N,)-
(dmpe),]* with H,SO,).'" Rather than stoichiometric
reduction of N, to ammonia, more common observations
include liberation of N, and H,, or no reaction.*® Higher yields
(up to 82% with respect to the metal) of ammonia upon
protonolysis with strong acids such as HCl, H,SO,, or triflic
acid have been reported for low-valent Fe’ dinitrogen
complexes supported by a varietzf of chelating diphosphine
ligands such as Fe(N,)(dmpe),~ where the electrons are
supplied by the low valent iron center.

To probe whether the ferrous-N, complexes supported by
diphosphine ligands containing a pendent amine could generate
NH,;, we examined the reaction of [3(N,)]* with excess strong
acid. A 0.01 M [3(N,)]BPh, in THF solution was treated with
50 equivalents of concentrated H,SO,, resulting in a lighter
yellow colored solution and the formation of a white solid.
After 3 h, a '"H NMR spectrum of the reaction products in
DMSO-d, showed no ammonium (7.0 ppm)."? It was reported
that [FeH(N,)(dmpe),]BPh, gave 4% ammonia under similar
conditions,” * but in our hands, treatment of [FeH(N,)-
(dmpe),]BPh, with S0 equivalents of H,SO, as described
above yielded only protonated dmpe; NH," was not detected
by NMR spectroscopy. A similar result was observed by
Henderson, where only a protonated ligand was observed
following the addition of HCI to [FeH(N,)(depe),]BPh,.>**

Attempts to Synthesize Fe(0)-N, Complexes. Due to
the absence of reactivity toward H* at the N, ligand in the Fe'
complexes, we examined the reduction of these complexes, with
the targets being the Fe’—N, complexes Fe(N,)(dmpm)-
(PENMPEY) or Fe(N,)(PHNMePE),. Reduction of green
solutions of 1(CI) or 2(Br) with Mg or KC; resulted in the
formation of an orange product. *'P NMR spectra (THF-dg) of
the reaction mixture showed the presence of free dmpm and
four multiplets at & 14.9, 40.6, 53.2, and 72.6, consistent with
four inequivalent phosphorus atoms. The 'H NMR spectrum
contains a multiplet at § —13.86, indicating the presence of a
hydride ligand bound to the Fe center, and a medium intensity
Upeq band was observed at 1900 cm™ (KBr) in the IR
spectrum. Dehydrohalogenation reactions by the addition of
one or more equivalents of KOBu to 1(H) and 2(H) resulted
in the formation of the same Fe—H product. Due to the
expected trigonal bipyramidal coordination geometry of the
five-coordinate Fe’—N, complex, it is not surprising that dmpm
(bite angle ~73° in 1(Cl)) dissociates from the metal center
upon the change in geometry. The reduction of FeBr, with Mg
in the presence of two equivalents of PENMP®' (bite angle
~92° in in 1(Cl)) was attempted as a synthetic route to
Fe(N,)(P*NMPF),. However, instead of detecting the
expected intense vyy band of this orange product in the IR
spectrum, the same vy band was observed at 1900 cm™, and
3P and 'H NMR spectra matched the spectroscopic data of the
reduction and dehydrohalogenation product of 2(Cl) and
2(H), respectively (Scheme 2). The presence of the Fe—H in
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Scheme 2. Reactions That Form Complex
HFe(Et,PC(H)N(Me)CH,PEt,) (PE*NMPE) (4)
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the product suggests oxidative addition of the C—H bond of the
PPNMeP* ligand to Fe occurred as did ligand redistribution in
the FeX,(P*N™P¥)(dmpm) and FeHX(P*'NMP*)(dmpm)
reactions which contain free dmpm. The reaction could be
envisioned to occur by deprotonation at the methylene position
followed by metal coordination, or by deprotonation of the
hydride, followed by oxidative addition of the C—H bond.
Crystallographic analysis of the orange product described
above confirmed the molecular structure, as shown in Figure
10. Oxidative addition of the C—H of a methylene group in the

‘4 1

)\

,_-ﬁz
Figure 10. Molecular structure of complex HFe(Et,PC(H)N(Me)-
CH,PEt,)(P**NM*P¥), 4. Thermal ellipsoids are shown at 30%
probability. Selected bond distances (A) and angles (deg): P(1)—
Fe(1) = 2.152(1), P(2)—Fe(1) = 2.183(1), P(3)—Fe(1) = 2.149(1),
P(4)—Fe(1) = 2.171(1), Fe(1)—=C(7) = 2.068(1), Fe(1)—~H(1F) =
1.479(18), C(7)—Fe(1)-P(2) = 49.69(4), C(7)—Fe(1)—P(1)

83.09(4), P(2)—Fe(1)-P(1) = 124.68(18), P(3)—Fe(1)—P(4)
91.41(12).

Inn

PPNMeP* ligand backbone produced the neutral iron hydride
complex HFe(Et,PC(H)N(Me)CH,PEt,)(P*NMPE) (4).
Coordination of the methylene carbon to the iron center
forms a three-membered ring, where the methylene carbon
bound to the Fe center is trans to a phosphorus atom from the
other P'NMP¥ ligand. The unmodified P*NMP* ligand in
this complex has a bite angle of 91.41(12)°. Similar C—H
activation of the methylene group in a phosphine based
ancillary ligand was identified by Karsch and co-workers, in
which an Fe® complex containing two (Me,PCH,),PMe ligands
undergoes intramolecular oxidative addition, forming a
hydrido—Fe" complex.’® Furthermore, in a related example
describing the preparation of an Fe’—N, complex, reduction of
FeCl,(depe), with sodium-naphthalene under an argon
atmosphere formed Fe(depe), which undergoes oxidative
addition of a C—H bond of the ethyl group to form the
hydrido—Fe" complex. This process was reversible, as this
product was readily converted to Fe(N,)(depe), when placed
under N2'4O In the present case, the C—H activation was not
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reversible, and attempts to avoid C—H activation of the
methylene group of the P*NMP* ligand by performing the
reduction of FeBr, with Mg and two equivalents of PE*N™¢PF
under elevated N, pressures (up to 40 atm) were unsuccessful,
resulting in the production of 4.

Computational Analysis. Computational analysis employ-
ing density functional theory (DFT) based electronic structure
methods was used to provide insight into N, binding, acid
reactivity, and redox potentials of the Fe complexes. We first
examined the binding affinity of N, in [3(N,)]* and [1(N,)]*
as well as the protonated species [3(N,)H’]* and [1(N,)H']*
(Figure 11). The calculated free energy binding affinity of N, in
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Figure 11. Possible products from protonation of [3(N,)]* and
[1(Ny)]"

Table 1. Binding Affinity of N, and CO to Iron Complexes
Containing a Protonated and Non-Protonated Pendent
Amine

binding affinity of ligand to Fe complexes (kcal/mol)

[3(N,)]*/ [1(N,)]/ [3(N,)H]*/ [1(N,)H']>/

ligand  [3(CO)]* [1(co)]* [3(CO)H']* [1(CO)H']*
N, 10.1 7.4 8.4 6.4
Cco 36.0 332 339 321

[3(N,)]* and [1(N,)]* is 7.4 and 10.1 kcal/mol (Table 1),
respectively. The small N, binding affinity indicates that N, is
weakly coordinated. For comparison, the binding affinity of CO
for the corresponding species, [3(CO)]*, [1(CO)]*, [3(CO)-
H']**, and [1(CO)H’]** was also determined (Table 1).
Compared to N,, the binding affinity of CO in [3(CO)]* and
[1(CO)]* is 36.0 and 33.2 kcal/mol (Table 1) respectively,
which is more favorable by 26 kcal/mol than N, binding. The
much larger binding affinity of CO vs N, and a larger binding
affinity of N, in [3(N,)]" than in [1(N,)]* verify the
experimental observations that CO was found to displace N,
from [3(N,)]* and [1(N,)]* but with a slower exchange rate in
[3(N,)]* than in [1(N,)]".

To address the relative binding/ligand strengths of N, and
CO, we follow a similar methodology as our previous work on
Cr—N, comgalexes, where an NBO based fragment analysis is
employed.*"® This approach avoids well-known pitfalls of
population analysis performed with large basis sets and
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additionally affords energy values for the various orbital
interactions to provide a quantitative description of the
bonding.* The Fe'(d)—N,(¢) interaction is found to be
about 150 kcal/mol for complexes [3(N,)]* and [1(N,)]*,
whereas the Fe''(d)—N,(7*) interaction is found to be
appreciably smaller, ca. 10—12 kcal/mol. Thus, N, can be
viewed as mainly a o-donor but exhibits negligible 7-acceptor
capability for these Fe'' species. In comparison, CO is found to
be a stronger o-donor (Fe'(d)—CO(o) interaction energy
about 220 kcal/mol) and a stronger z* acceptor (Fe'(d)—
CO(#*) interaction energy about 32 kcal/mol). A similar
analysis on hypothetical Fe® complexes Fe(L)(PF'NMePEt).
(dmpm) (L = N,, CO) further confirms our bonding
assessment. In the Fe’ complexes, the o-bonding interaction
energy decreases to 99 and 215 kecal/mol for N, and CO,
respectively, in accord with the expectation that Fe® will be a
weaker acceptor than Fe'. Likewise, the Fe%(d)—L(z*)
interaction energy increased to 37 and 63 kcal/mol for N,
and CO, in accord with the expectation that Fe® will be a
stronger 77-donor. This description of binding is in qualitative
accord with the preference for CO to bind to the Fe complexes
described above, suggesting CO is also a poor z-acceptor for
Fe" species and an appreciably stronger 7-acceptor on Fe’. In
contrast, N, has negligible 7-acceptor strength on Fe"" and acts
as only a moderate 7z-acceptor on Fe.

In accord with this bonding picture, there is negligible charge
transfer (< 0.1e”) from the metal to the N, in [3(N,)]*. Thus,
to explain the blue shift of the IR frequency and observed
lengthening on the N—N bond, we resort to a qualitative
picture where these observations are attributed to the mixing of
m/7* states of N, upon binding to an electron-rich metal
center. As in our work on Cr—N, complexes,*'" it was found
that a simple electrostatic model where a negative charge on the
metal/phosphine core polarizes the bound N, results in a
lowering of N—N bond order (see Supporting Information for
an analysis of N—N bond order, bond length increase, and IR
frequency shift from an electrostatic model). Interpretation of
our results on N, and CO binding in this context is more
appropriate to explain our observations than the more
traditional approach based on metal-7* back-bonding, which,
as outlined above, has negligible energetic contribution in the
Fe' species.

For the protonated species, [3(N,)H’]** and [1(N,)H’']*,
where the protons reside on the pendent amine, the calculated
binding affinity of N, was found to be ~1—2 kcal/mol lower
than in nonprotonated complexes. Similar results were found
for the corresponding CO analogues, [3(CO)H’]*" and
[1(CO)H’]**. Harmonic vibrational analysis showed that
when protons were added to complexes [3(N,)]* and [1(N,)]*
and complexes [3(CO)]* and [1(CO)]", the vy and o
bands increased by 20 and 22 and by 23 and 25 cm”),
respectively (Table 2). As a comparison to the IR shifts of
related N, and CO containing Fe complexes, protonation of the
thiolate sulfur in [Fe(CO)(SC¢H,SC,H,NHC,H,SC(H,S)] or
to either the Fe center or N, ligand in Fe(N,)(dmpe), resulted
in a more dramatic increase in IR shifts of 39°° and 120 and a
decrease in IR shift of 395 cm™,* respectively, Table 2.
Further analysis of N, and CO ligands in [3(N,)]" and
[3(CO)]" by evaluating the Wiberg bond index (WBI),
obtained from a NBO analysis, indicated the N—N bond
order increased from 2.70 to 2.74 upon protonation while the
WBI of Fe—N decreased from 0.48 to 0.44 upon protonation.
Similar trends are observed for the CO analogues, where the
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Table 2. Comparison of Experimental and Computational IR
Shifts for Protonation of Complexes [1(N,)]*, [3(N,)]*
(1(CO)J", and [3(CO)]*

Experimental IR Shift (v or
veo) from H® Addition (em™)

Computational IR Shift (v or

Complex veeo) from H' Addition (cm™)
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“This IR shift corresponds to alkylation of a sulfur atom with Et*.
bThis corresponds to the IR shift of protonation of the metal center.*’
“This corresponds to the IR shift of protonation of the N, ligand.*°

WBI of the C—O increased from 2.0S to 2.10 while the WBI of
the Fe—C decreased from 0.74 to 0.70 upon protonation. The
small change in bond order is consistent with the small shift in
the IR bands and the small decrease in binding affinity of N,
and CO. Further electron density analysis (Figure 12) shows
that the change in electron density upon protonation mainly
occurred at the local region where the proton resides (pendent

(b)

Figure 12. The electron density difference (isovalue = 0.0012)
between the nonprotonated species and with a proton at the pendent
amine. (a) [3(N,)]* and (b) [3(CO)]*. Depletion of electron density
is represented by red, while increased electron density is represented
by blue. Methyl and methylene protons are removed for clarity.
Phosphorus = orange, nitrogen = light blue, carbon = gray, hydrogen =
white, iron = green, and oxygen = red.
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amine). There is a small change in electron density of the N,
and CO ligands, where the electron density decreased slightly
at distal N and O while it slightly increased at the proximal N
and C. From these observations, coupled with our above
analysis of the Fe—N, and Fe—CO bonding, the interaction of
N, with Fe can be understood as an electrostatic effect, where
protonation at the pendent amine depolarizes the N, ligand and
thus strengthens the N—N 7 bond and weakens the overall
interaction between the N, and Fe center.

Modulating the basicity of the iron-bound N, ligand and the
pendent amine in complexes similar to [3(N,)]* is important in
controlling the reactivity toward protons. Therefore, a
quantitative assessment of the preferred protonation sites in
[3(N,)]* is valuable for interpreting the reactivity and
spectroscopic data. To quantify the basicity of the N, ligand
in the ferrous iron complexes and to determine the conditions
required for proton transfer to the N, ligand from the pendent
amine, we calculated the proton affinity of nitrogen on the
pendent amine and the distal nitrogen atom of coordinated N,.
The proton affinity of the pendent amine of [3(N,)]* was
calculated to be 43.5 kcal/mol higher than that of the N, ligand
(31.9 pK, units more basic for [3(N,)H']** versus [3(N,)-
H”]**). In the case of [1(N,)]*, the proton affinity of the
pendent amine is lower than that of [3(N,)]* (0.9 kcal/mol or
0.7 pK, units more acidic for [1(N,)H']** versus [3(N,)-
H']*"), and the pendent amine was calculated to be 52.8 kcal/
mol higher (or 38.7 pK, units more basic for [1(N,)H']*"
versus [3(N,)H”]*") than the N, ligand. Therefore, it is not
surprising that the pendent amine was protonated when
protons were added to these complexes. Replacement of the
trans chloride ligand by hydride increases the proton affinity
(basicity) of pendent amine and N, ligands. This indicates that
the introduction of a better electron donating ligand results in
an increase of the electron density at the metal center, which in
terms of our picture of Fe—N, bonding based on an inductive
effect would increase the polarization of the bound N, and
render it more basic.

To further examine the effect of the trans ligand on the
basicity of the N, ligand upon protonation, the frontier
molecular orbitals of [3(N,)]* and [1(N,)]* were determined
and compared to the frontier molecular orbitals of [3(N,)H']*
and [1(N,)H’]**. It was found that the HOMO resided on the
pendent amine for [3(N,)]" and [1(N,)]* (Figure 13 and
Supporting Information). Upon protonation of [3(N,)]* and
[1(N,)]* at the pendent amine, resulting in complexes
[3(N,)H']** and [1(N,)H']*, respectively, the HOMOs

Figure 13. Comparison of the HOMOs of (left) [3(N,)]* and (right)
[3(N,)H']*. Methyl and methylene protons are removed for clarity.
Phosphorus = orange, nitrogen = light blue, carbon = gray, hydrogen =
white, iron = green.

4035

move from the pendent amine to the iron center/N, ligand
and to the chloride ligand, respectively (Figure 13). The larger
degree of electron density present on the N, ligand upon
protonation of [3(N,)]* is attributed to the increased basicity
of the N, ligand of [3(N,)H']* vs [1(N,)H']* (see below and
Supporting Information). This also indicates that by increasing
the electron density at the metal center by changing the ligand
trans to dinitrogen that the electron density can be increased at
the N, ligand, to encourage proton transfer from the pendent
amine to the dinitrogen ligand.

The high acidities of the protonated N, ligands of
[3(N,)H"]** and [1(N,)H"]*" indicate that PCET will be
required to promote the reduction of N, to NH;. To probe the
effect of PCET on [3(N,)]*, we calculated the redox potential
for the Fe”! couple of [3(N,)]* and [3(N,)H’']*. The
calculated Fe'”! redox potential of [3(N,)H’]>" shifts to a more
positive value by 0.44 V, which is comparable to the
experimental value of 0.33 V. For comparison, we also
calculated the redox potential for the Fe'" couple of [3(CO)]*
and [3(CO)H']**. The calculated Fe'! redox potential of
[3(CO)H']** shifts to a more positive value 0.11 V less than
observed with [3(N,)H’]*, which is almost identical to the
values measured experimentally.

To promote proton transfer to the N, ligand from the
pendent amine, the low valent complex, Fe’(N,)(P*NMep).
(dmpm), was probed computationally. The pK, of [Fe’(N,)-
(PENMHPE) (dmpm)]* increased by 11 pK, units vs [3(N,)-
H']*, while the pK, of [Fe’(HN,)(P**N™°PE")(dmpm)]*
dramatically increased by about 43 pK, units. The reduction
of Fe" to Fe increases the basicity of the N, ligand to the same
level as that of pendent amine, which would allow a facile
proton transfer to the N, ligand from the pendent amine.
However, as described above, reduction of 1(Cl) or
dehydrohalogenation of 1(H) led to C—H activation of the
methylene group of the PPNMP¥ ligand resulting in complex
4. Computationally, oxidative addition of the methylene group
was found to be 4 kcal/mol more favorable than N, binding to
Fe(P*'NMP™),, thus explaining the experimental results where
C—H activation was observed at elevated N, pressure.

B CONCLUSIONS

Ferrous dinitrogen complexes supported by the diphosphine
ligand P*NM¢P* containing a pendent amine base have been
synthesized and characterized. These complexes undergo
reactions with acid, resulting in the protonation of the pendent
amine with subsequent loss of N, rather than protonation at
the N, ligand. Protonation of these ferrous-dinitrogen
complexes at low temperature results in stabilization of the
protonated complexes, and the addition of base deprotonates
the pendent amine, regenerating the starting FeH(NZ) complex.
Similar results were observed for the related carbonyl
complexes, except that the protonated complexes were stable
at 25 °C. Although the incorporation of pendent amines in
ferrous-dinitrogen complexes does not lead to proton transfer
to the N, ligand, protonation of the pendent amine shifts the
reduction potential of the Fe’! couple to more positive
potentials. Protonation of the pendent amine resulted in
strengthening of the N—N bond (higher vy=y by 25 em™) of
the dinitrogen ligand. This finding has implications in regards
to the nature of the recently proposed N, binding site of
nitrogenases,”® as protonation of a pendent base results in a
decrease of the N, binding affinity. Thus, the electrostatic
effects of nearby protons and the role of PCET in the
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stabilization of N, binding and reduction to NH; is worthy of
consideration in the mechanistic discussion of nitrogenase and
in the design of molecular catalysts for N, reduction. Chemical
reduction of the reported ferrous complexes resulted in
oxidative addition of the C—H bond of the methylene carbon
of the PP'NMP® ligand as opposed to forming an Fe’—N,
complex. These experimental results were validated computa-
tionally, and it was shown that ferrous-dinitrogen complexes are
incapable of aiding in the protonation of coordinated N,, as the
pK, determination of protonation at the coordinated N, was
found to be highly unfavorable; less basic pendent amines are
needed. Computational results also show that incorporation of
a strong electron donating ligand trans to the dinitrogen ligand
or a more electron-rich metal can be used to tune the basicity of
the dinitrogen ligand. Further investigation of the tuning of
pendent amines to facilitate proton transfer to low-valent
dinitrogen complexes is currently under intense investigation in
our laboratory.

B EXPERIMENTAL SECTION

Synthesis and Materials. All synthetic procedures were
performed under an atmosphere of N, using standard Schlenk or
glovebox techniques. Unless described otherwise, all reagents were
purchased from commercial sources and were used as received.
Solvents were dried by passage through activated alumina in an
Innovative Technology, Inc., PureSolv solvent purification system.
Deuterated NMR solvents THF-dg, toluene-dg, and benzene-d,; were
purchased from Cambridge Isotope Laboratories, dried over NaK, and
vacuum transferred before use. K[B(C4F;),] was purchased from
Boulder Scientific. Ferrous chloride, ferrous bromide, and 1,2-
bis(dimethylphosphino)methane were purchased from Strem Chem-
icals, Inc. and used as received. Magnesium powder, paraformaldehyde
(95%), methylamine in ethanol (33 wt %), and HCI (2 M in ether)
were purchased from Sigma-Aldrich. FeCl,(PE*NMPE)(dmpm),**
FeHCI(PENMPE) (dmpm),>** PENMPE* and [NBu,][B(C4Fs),]*
were synthesized according to literature preparations. [H(OEt,),][B-
(CgFs),4] was prepared according to a modified literature procedure,**
see below. NMR spectra were recorded on a Varian Inova or NMR §
500 MHz spectrometer. 'H chemical shifts are referenced to residual
protio impurity in deuterated solvent. *'P chemical shifts are proton
decoupled unless otherwise noted and referenced to H;PO, as an
external reference. SN NMR chemical shifts were externally
referenced to CH;NO, (6 = 0). Infrared spectra were recorded on
a Thermo Scientific Nicolet iS10 FT-IR spectrometer at ambient
temperature and under a purge stream of nitrogen gas. Solid-state FT-
IR samples were prepared as KBr pellets. Elemental analysis was
performed by Atlantic Microlabs, Norcross, GA. Cyclic voltammetry
was performed in a Vacuum Atmospheres Nexus II glovebox under a
N, atmosphere using a CH Instruments model 620D or 660C
potentiostat in THF using 0.2 M [NBu,][B(C4F;),] as the supporting
electrolyte. Measurements were performed using a standard three-
electrode cell containing a 1 mm PEEK-encased glassy carbon working
electrode, Cypress Systems EE040, a 3 mm glassy carbon rod (Alfa) as
the counter electrode, and a silver wire suspended in electrolyte
solution and separated from the analyte solution by a Vycor frit (CH
Instruments 112) as the pseudoreference electrode. Prior to the
acquisition of each voltammogram, the working electrode was polished
using 0.1 pym y-alumina (BAS CF-1050) and rinsed with THF.
Decamethylferrocene was used as an internal reference, and all
potentials are reported versus the ferrocenium/ferrocene couple at 0.0
V. Low-temperature voltammetry experiments were performed in an o-
xylene (—24 °C) slush bath in a glovebox coldwell. In situ IR
experiments were recorded on a Mettler-Toledo ReactIR 15 FTIR
spectrometer equipped with an MCT detector, connected to a 1.5 m
AgX Fiber DS series (9.5 mm X 203 mm) probe with a silicon sensor.
Experiments were performed in a S mL two-neck pear-shaped flask
under a dinitrogen atmosphere using Schlenk line techniques. Typical
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reactions contain ~0.03 M iron complex in a volume of 1-2 mL
solvent. IR spectra were collected in intervals of 15 s in the normal
collection mode or in “rapid collect” mode at a rate of five scans per
second. Complexes [3(CO)]* and [1(CO)]* were prepared according
to literature procedures.***

FeBrz(PEtNMePEt)(dmpm) (2(Br)). A similar procedure to the
previously reported procedure for FeCl,(PE'NMPEY)(dmpm) was
used, where FeBr, was used in place of FeCl,.*** 2(Br) was isolated as
yellowish-green colored crystals (see Supporting Information for
structural data). Yield: 82%. The paramagnetism of 2(Br) resulted in
broad resonances in the 'H NMR spectrum, which were
uninformative, and there were no resonances in the 3P NMR
spectrum. Anal. Calcd for C (H, Br,FeNP,: C, 32.73; H, 7.04; N, 2.39.
Found C, 32.78; H, 6.95; N, 2.44.

FeHBr(PE'NMePEY)(dmpm) (2(H)). A similar procedure to the
previously reported procedure for FeHCI(PENMP®)(dmpm) was
used, where FeBr,(P®*NMP®')(dmpm) was used in place of
FeClL(P*N™*P™)(dmpm).*** 2(H) was isolated as feathery orange
colored crystals (see Supporting Information for structural data).
Yield: 48%. '"H NMR (500 MHz, CD,Cl,): —27.03 (pentet, *J;p =
48.2 Hz, 1H), 1.00 (m, 6H, dmpm-P(CH;),), 1.07 (m, 6H, dmpm-
P(CH;),), 1.35 (m, 4H, P(CH,CH,),), 143 (m, 6H, PENMpE.
P(CH,CH,),), 1.63 (m, 6H, PENMP*.P(CH,CH;),), 1.67 (m, 4H,
PENMePELP(CH,CH,;),), 1.95 (m, 2H, Et,PCH,NMeCH,PEt,), 2.34
(s, 3H, N—CHj,), 2.68 (m, 2H, Et,PCH,NMeCH,PEt,), 3.01 (m, 1H,
Me,PCH,PMe,), 3.31 (m, 1H, Me,PCH,PMe, ). *'P{’"H} NMR (202
MHz, THF-dg): 0.61 (m, 2P, dmpm), 45.44 (m, 2P, PEN™*P®"). Anal.
Caled for Cy¢H,,BrFeNP,1/40C,H,: C, 38.80; H, 8.43; N, 2.66.
Found C, 38.68; H, 8.44; N, 2.83.

[Fe(N,)CI(PENMePEY) (dmpm)]B(C4F5), ([1(Ny)IB(CsF5)s). A 1 mL
fluorobenzene solution of 10 mg (0.020 mmol) of FeCl,(P*NMP)-
(dmpm) was treated with 14.5 mg (0.020 mmol) of KB(CF;), in 0.25
mL of fluorobenzene. A pinkish-red solution resulted after stirring for
2 min. These solutions were used subsequently in protonation studies.
IR (fluorobenzene): 2111 cm™ (Fe—N,).

[FeBr(PE‘NMePEY) (dmpm)IB(C4Fs),. A S mL fluorobenzene
solution of 30 mg (0.06 mmol) of FeBr,(P*N*P)(dmpm) was
treated with 44.0 mg (0.06 mmol) of KB(CF;), in S mL of
fluorobenzene. A pinkish-red solution resulted after stirring for 2 h.
The reaction mixture was filtered and concentrated to about 1 mL.
Red crystals were grown by vapor diffusion of pentane into a
fluorobenzene solution. Yield: 42 mg (63%). Anal. Caled for
CyoH,BBrE, FeNP,-C(HLF: C, 43.09; H, 3.62; N, 1.09. Found C,
43.44; H, 3.46; N, 1.32.

[Fe(N,)Br(PENMePEY)(dmpm)IB(C4Fs), ([2(N,)IB(CgFs)s). A 1 mL
fluorobenzene solution of 10 mg (0.017 mmol) of FeBr,(P*NMPH)-
(dmpm) was treated with 12.3 mg (0.017 mmol) of KB(CFs), in 0.25
mL of fluorobenzene. A pinkish-red solution resulted after stirring for
2 min. These solutions were used subsequently in protonation studies.
IR (fluorobenzene): 2110 cm™ (Fe—N,).

[FeCl(CO)(PE'NMePEY)(dmpm)]BPh, ([1(CO)IB(C4Fs)s). A 5 mL
THF solution of 50 mg (0.10 mmol) of FeCl,(P*N™P*)(dmpm)
was treated with 36 mg (0.11 mmol) of NaBPh, in § mL THF. The
resulting orange-red solution was treated with a light bubbling of CO
(1 atm), immediately resulting in a yellow solution. The solution was
filtered, and the solvent was removed under reduced pressure. X-ray
quality crystals were grown from vapor diffusion of pentane into a
THEF solution (see Supporting Information for structural data). The IR
characterization data were found to match [FeCl(CO)(PE'NMepEt).
(dmpm)],FeCl,, which was previously reported by DuBois and co-
workers.>*

[FeBr(CO)(PENMePEY)(dmpm)]BPh, ([2(CO)IB(CeFs)s). A S mL
THF solution of 40 mg (0.07 mmol) of FeBr,(PXN™PE)(dmpm)
was treated with 24 mg (0.07 mmol) of NaBPh, in S mL of THF. The
resulting yellow solution was treated with a light bubbling of a CO
atmosphere, immediately resulting in a yellowish-orange color. The
solution was filtered, and the solvent was removed under reduced
pressure. X-ray quality yellow crystals were grown from vapor diffusion
of pentane into a THF solution (see Supporting Information for
structural data). Yield: 36 mg (60%). '"H NMR (500 MHz, CD,Cl,):
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1.00-129 (m, 12H, dmpm-P(CHj),), 1.34-2.22 (m, 20H, P-
(CH,CH;),), 1.52 (s, 3H, N—CHj,), 2.43 (s, 3H, Fe—NH;), 2.89
(m, 2H, Et,PCH,NMeCH,PEt,), 3.17 (m, 2H,
Et,PCH,NMeCH,PEt,), 349 (m, 2H, Me,PCH,PMe,), 7.30—7.47
(m, 20H, BPh,). 3P NMR (202 MHz, CD,Cl,): —12.2 (m, 2P,
dmpm), 25.8 (m, 2P, PE'NMPE), IR (fluorobenzene) 1946 cm™.

[FeH(N,)(PE'NMePEY)(dmpm)IBPh, ([3(N,)IBPh,). A 5 mL THF
solution of 31 mg (0.065 mmol) of FeHCI(P*N"P*)(dmpm) was
treated with 22 mg (0.063 mmol) of NaBPh, in S mL of THF. A
yellow solution resulted after stirring for 20 h. The cloudy yellow
solution was filtered and recrystallized from a vapor diffusion of
pentane into a THF solution, resulting in yellow crystals. Yield: 37 mg
(75%). "H NMR (500 MHz, THF-d,): —14.53 (dt, *Jpy = 95.7, 47.9
Hz, 1H, Fe-H), 1.15 (m, 12H, dmpm-P(CH;),), 143 (m, 4H,
P(CH,CH,),), 1.60 (m, 6H, P(CH,CH,),), 172 (m, 6H, D-
(CH,CH,),), 1.83 (m, 4H, P(CH,CH,),), 241 (s, 3H, N—CH,),
2.47 (m, 2H, Et,PCH,NMeCH,PEt,), 3.00 (m, 2H,
Et,PCH,NMeCH,PEt,), 3.22 (m, 2H, dmpm-Me,PCH,PMe,), 6.71
(t, 4H, *Jyy = 6.8 Hz, p-phenyl protons of BPh,), 6.86 (t, 8H, ¥y =
7.8 Hz, o-phenyl protons of BPh,), 7.28 (m, 8H, m-phenyl protons of
BPh,). ¥P{'H} NMR (202 MHz, THF-dg): 4.55 (m, 2P, dmpm),
44.88 (m, 2P, PE'NMepPEt), SN{'H} NMR (51 MHz, THF-dg) —41.75
(s, Fe=N,=N,), —59.80 (s, Fe-N,=N,), —361.82 (t, Yy = 13.5 Hyz,
PENMePEY) Anal. Caled for C,oHg,BFeN,P,: C, 61.95; H, 8.06; N,
5.42. Found C, 61.73; H, 7.87; N, 5.23.

In Situ Protonation of [1(N,)IB(C4Fs)s [2(N,)IB(CgFs), and
[3(N,)IB(C4F5)4. A 1.0 mL fluorobenzene solution of 10 mg (~ 0.015
mmol) of 1(Cl), 2(Br), or 1(H) was treated with 11 mg (~ 0.015
mol) of KB(C4F;), in 1.0 mL of fluorobenzene. A yellow (complex
[3(N,)]B(CFs),) or pinkish-red (complexes [1(N,)]B(C4F;), and
[2(N,)]B(C¢Fs),) solution resulted after stirring for 2 min. After this
time, the ReactIR probe was inserted into the reaction mixture. The
solution was cooled in an acetonitrile slush bath (—45 °C) and stirred
for 30 min for the temperature to equilibrate. The addition of 0.5 mL
of 0.045 M [H(OEt,),][B(CFs),] in fluorobenzene resulted in a
slight darkening of the solution. The solution was stirred for 30 min;
then 10 L (0.045 mmol) Et;N was added and the solution was stirred
for 30 min.

In Situ Protonation of [1(CO)IB(C4Fs)s, [2(CO)IB(CgFs)s,
[3(CO)IB(C¢F5)s. The same procedure as described for the in situ
protonation of [1(N,)]B(C4Fs),, [2(N,)]B(C4Fs),, and [3(N,)]B-
(CFs)4 was used, except that the solutions were treated with CO (1
atm) for 30 min before the acid addition. The acid and base additions
were undertaken at 25 °C, as the protonated CO complexes were not
temperature-sensitive, unlike the N, complexes described above.

[FeH(">NH;)(PE*NMePE)(dmpm)IB(C¢Fs), ([3('5NH;)IB(C4Fs),).
A 1.0 mL THF-d; solution of 10 mg (~ 0.015 mmol) of
[3(N,)]B(CFs), was treated with 1 atm of "NH;. A bright yellow
solution resulted after 30 min. Complete conversion to [3(NH;)]* was
observed to occur after 5 h. 'H NMR (500 MHz, THF-dg): —25.0
(pentet, Yoy = 462 Hz, 1H, Fe-H), 1.00—-1.25 (m, 12H, dmpm-
P(CH;),), 1.40—2.1 (m, 20H, P(CH,CH};),), 1.52 (s, 3H, N—CHj,),
1.60 (br s, 3H, Fe—NH,), 2.39 (m, 2H, Et,PCH,NMeCH,PEt,), 2.69
(m, 2H, Et,PCH,NMeCH,PEt,), 3.04 (m, 1H, Me,PCH,PMe,), 3.25
(m, 1H, Me,PCH,PMe,). 3'P{'H} NMR (202 MHz, THF-dy): 2.6
(m, 2P, dmpm), 47.9 (m, 2P, P*'NMPE). SN{'H} NMR (51 MHz,
THF-dg) —356.2 (t, Jyp = 12.9 Hz, PE*NMP®), —433.1 (s, NH;).

HFe(Et,PC(H)N(Me)CH,PEt,)(PENMePEY) (4). A 15 mL THF
slurry of 265 mg (1.23 mmol) of FeBr, and 575 mg (2.44 mmol)
of PENMPE! was treated with 550 mg (22.6 mmol) of Mg powder.
The blackish-gray slurry was stirred for 20 h. The solvent was removed
under reduced pressure, and the residue was extracted with pentane.
X-ray quality crystals were grown from hexamethyldisiloxane solutions
at =30 °C. Yield: 249 mg (39%). '"H NMR (500 MHz, THF-d,):
—13.86 (m, 1H, Fe-H), 091—-1.94 (40H, PEt), 2.21-2.99 (6H,
Et,PCH,NMeCH,PEt,), 2.25 (s, 3H, N—CHj;), 2.52 (s, 3H, N—CH;,),
3.43 (br s, 1H, Fe—CH). 3'P{’"H} NMR (202 MHz, THF-d,): 14.9
(m, 1P, P trans to hydride), 40.6 (dt, 1P, *Jpp = 22, 57 Hz, P adjacent
to CH activated methylene), 53.2 (dd, 1P, ?Jp = 36, 57 Hz, P trans to
CH activated methylene), 72.6 (dd, 1P, %Jpp = 22, 36 Hz, P closest to
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FeH). IR (KBr): 1900 cm™! (Fe—H). Anal. Calcd for
C,,H,,FeN,P,-Me;SiOSiMe;: C, 48.78; H, 10.31; N, 4.55. Found C,
48.33; H, 9.90; N, 5.10.

[H(OEt,),l[B(C4Fs),]. Ether (400 mL) was added to KB(CF;),
(25.29 g, 35.22 mmol), giving a cloudy off-white suspension. HCI (2
M in diethyl ether, 20 mL) was added via syringe over S min, and the
mixture was stirred overnight. Volatile components were removed
under reduced pressure, affording an oily solid. Ether (S0 mL) was
added, and the volatiles were again removed, giving a clumpy off-white
solid. The solids were extracted with fluorobenzene (300 mL), then
filtered through Celite, and then through a syringe filter to give a clear,
pale brown-yellow solution. Pentane (300 mL) was added, and the
resulting off-white precipitate was collected with a medium porosity
frit and extracted with fluorobenzene (70 mL). The resulting pale
brown-yellow solution was layered with pentane (250 mL), affording
clear/colorless crystals after 24 h. The crystals were collected, rinsed
with pentane, and dried under a vacuum. Yield: 18.19 g (62%).
Spectroscopic analysis matched the previously reported data.**

Theoretical Calculations. All structures were fully optimized
without symmetry constraints using the B3P86* functional as
implemented in Gaussian 09.*® The Stuttgart basis set with effective
core potential (ECP)* was used for the Fe atom, and the 6-31G**
basis set*® was used for other nonmetal atoms. Each stationary point
was confirmed by frequency calculation at the same level of theory to
be a real local minimum on the potential energy surface without
imaginary frequency. All reported free energies are for THF solution at
the standard state (T = 298 K, P = 1 atm of N,, 1 mol/L concentration
of all species in THF) as modeled by a polarized continuum model
(C-PCM)* with standard correction for (harmonic) vibrational,
rotational, and translational thermal free energy contributions. All
calculated proton affinities and pK, values are for THF solutions and
are calculated relative to the value of Et;NH* (pK, = 12.5),% which is
assigned its experimental value to anchor the calculated pK, scale.

X-Ray Diffraction Studies. X-ray diffraction data were collected
on a Bruker-AXS Kappa APEX II CCD diffractometer with 0.71073 A
Mo Ka radiation. Selected crystals were mounted using NVH
immersion oil onto a nylon fiber and cooled to the data collection
temperature of 100—120 K. Unit cell parameters were obtained from
60 data frames, 0.5° @, from three different sections of the Ewald
sphere. Cell parameters were retrieved using APEX II software>' and
refined using SAINT+> on all observed reflections. Each data set was
treated with SADABS®® absorption corrections based on redundant
multiscan data. The structure was solved by direct methods and
refined with the least-squares method on F* using the SHELXTL
program package.** Crystallographic data for each structure and details
regarding specific solution refinement for each compound are provided
in the Supporting Information.
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