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ABSTRACT: Enantioenriched N-alkyl-imidazole-substituted pyridine dicarbene iron dialkyl complexes have been synthesized and charac-
terized by '"H NMR and zero-field *’Fe M&ssbauer spectroscopies as well as single-crystal X-ray diffraction. In benzene-ds, reversible coordina-
tion of N> was observed establishing an equilibrium between a five-coordinate, S = 1 iron dialkyl derivative and the corresponding six-
coordinate, diamagnetic dinitrogen complex. A modest enantioselectivity of 45% ee was observed for the catalytic asymmetric hydrogenation
of 1-isopropyl-1-phenyl ethylene at 4 atm of Ha using 10 mol% of an enantioenriched iron dialkyl precatalyst, (ACNC)Fe(CH.SiMes)»
((ACNC) = bis(alkylimidazol-2-ylidene)pyridine). Decreasing the Ha pressure to 1 atm increased the enantiomeric excess to 70%. Incuba-
tion experiments established that the reaction of the iron dialkyl precatalysts with H. initiates a background reaction leading to the generation
of aless selective catalyst; suppressing this pathway is crucial for obtaining high enantioselectivity. The attempted hydrogenation of methyl-2-
acetamidoacrylate identified a deactivation pathway where N-H bond activation generated an iron alkyl x*-amidate alkyl. For productive
catalytic reactions, deuterium labeling studies are consistent with a pathway for hydrogenation involving fast, reversible [2,1]-alkene insertion
and a slow, enantiodetermining [1,2]-insertion. Monitoring the catalytic alkene hydrogenation reaction by NMR spectroscopy supports a
homogeneous active catalyst that also undergoes C-H activation of the ACNC ligand backbone as a competing reaction.
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Bis(phosphine)cobalt complexes exhibit a rich asymmetric
alkene hydrogenation reactivity. High-throughput experimen-
tation (HTE) methods were applied to catalyst discovery and
combinations of cobalt(II) dialkyl or combinations of co-
balt(II) halides with zinc reductants generated highly active
and enantioselective catalysts for the hydrogenation of host of
functionalized alkenes.” Notable examples include the enan-
tioselective synthesis of Levetiracetam on 200-gram scale in
methanol solution with performance superior to rhodium
catalysts as well as the hydrogenation of ¢, f-unsaturated car-
boxylic acid derivatives including several drug precursors.*®

Attempts to translate the design principles from
bis(phosphine)cobalt-catalyzed asymmetric alkene hydro-
genation of olefins to iron have been met with limited success.
While preparation of bis(phosphine)iron(1I) dialkyl deriva-
tives proved relatively straightforward, treatment of these
compounds with dihydrogen in the presence of alkene result-
ed in rapid formation of heterogeneous iron catalysts that
promoted essentially racemic hydrogenation reactions."
These results suggested that strong field tridentate pincer
ligands, by virtue of their higher affinity for the metal center,
may result in more long-lived and robust homogeneous hy-
drogenation catalysts. Indeed, several examples of iron-
catalyzed asymmetric alkene hydrofunctionalizations,”® and
iron-catalyzed asymmetric C=X reduction'* are reported.
However, the iron-catalyzed asymmetric hydrogenation of
alkenes with synthetically useful enantioselectivity (>80% ee)
remains elusive.”

Aryl-substituted, C,,-symmetric pyridine(diimine) iron
dinitrogen complexes provided early examples of catalysts for
the hydrogenation of alkenes at, in some cases at part per mil-
lion loadings of iron.'s By replacing the imine donors of the
tridentate pincers with more donating N-heterocyclic car-
benes (NHC), Danopoulos and coworkers introduced a more
electron-rich dinitrogen complex, (*CNC)Fe(N,),.'"® Our
laboratory later demonstrated that this class of complexes was
among the most active Earth abundant metal catalysts for the
hydrogenation of hindered, minimally functionalized al-
'7* and the active catalytic species were identified by 'H
NMR spectroscopy and single-crystal X-ray diffraction.'”
Recently iron(II) dialkyl derivatives, (*CNC)Fe(CH,SiMes),
have been synthesized, obviating the need for strong alkali

kenes

metal reductants and the extreme air and moisture sensitivity
of dinitrogen derivatives."”® This synthetic approach has also
proven more versatile, being compatible with more chelate
variants than alkali metal reductions that form iron dinitrogen
compounds.

Here we describe application of this method to the synthesis
and characterization of enantioenriched, C,-symmetric
(ACNC)Fe(CH,SiMe;), ((ACNC) = bis(alkylimidazol-2-
ylidene)pyridine) iron complexes and explore their utility for
the asymmetric hydrogenation of alkenes. Equilibria between
the five-coordinate, S = 1 iron dialkyl complexes and the cor-
responding six-coordinate, S = 0 dinitrogen derivatives was
identified in solution. The enantioselectivity of the alkene
hydrogenation increased as the pressure of H, was decreased.

Deuterium labeling studies established that C-H activation of
the solvent is competitive with alkene hydrogenation.

RESULTS AND DISCUSSION

Our studies commenced with the preparation of a series of
ACNC?" ligands by a nucleophilic aromatic substitution of the
corresponding imidazoles to 2,6-dibromopyridine, and subse-
quently deprotonation by KHMDS."* Metallation of the
ACNC ligands was accomplished by addition of the free di-
carbene of the pincer to a pentane solution of freshly prepared
py:Fe(CH,SiMe;), (py = pyridine; Scheme 2A).”* The result-
ing iron dialkyl complexes precipitated from pentane as mi-
crocrystalline red-brown or dark purple solids. A representa-
tive achiral example, ("ACNC)Fe(CH,SiMe;), was included
in this study for comparison.

Scheme 2. A. Preparation of (ACNC)Fe(CH,SiMe;)," B.
Solid-state structure of (*®*MACNC)Fe(CH,SiMe;),(N,)
at 30% probability ellipsoids. Hydrogen atoms attached to
stereogenic centers omitted for clarity.
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*Reagents and conditions: (a) 2,6-dibromopyridine, 150 °C,
48h. (b) KHMDS, THF -110°C to RT, 1 h.

Solution magnetic moments (Evans method) between 2.7
and 2.8 puB were measured for all three iron dialkyl complexes
at 23 oC under vacuum, consistent with two unpaired elec-
trons and S = 1 ground states. Accordingly, all three com-
pounds exhibited paramagnetically broadened and shifted
resonances in the ambient temperature benzene-ds NMR
spectra. However, for all three iron dialkyl derivatives, a strong
N=N band was observed in the benzene solution infrared
spectrum (Figure 1), consistent with coordination of dinitro-
gen. The signals for (***ACNC)Fe(CH,SiMe;), under a
nitrogen atmosphere were significantly broadened such that
assignment of the signals was challenging. Freeze-pump-
thawing the solution and recording the '"H NMR spectrum
under static vacuum sharpened these signals, indicating a fast
and reversible coordination of N, in benzene solution. Cool-
ing a toluene-ds solution of (¥ ACNC)Fe(CH,SiMe;), to
-80 °C under 1 atm of N; produced signals consistent with a
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diamagnetic compound, assigned to formation of a 6-
coordinate, S = 0 iron dinitrogen complex (Figure $27). This
behavior contrasts (**ACNC)Fe(CH,SiMe;),, a previously
reported diamagnetic compound with an unusual square py-
ramidal geometry that provided no evidence for N; coordina-

tion in solution or the solid state.!”

Single crystals of ("®**ACNC)Fe(CH,SiMe;),(N,) suit-
able for X-ray diffraction were obtained from a concentrated
Et,0-pentane solution stored at -30 °C. The solid-state struc-
ture (Scheme 2B) confirmed the idealized octahedral geome-
try with a dinitrogen ligand coordinated trans to the pyridine
of the pincer. This geometry is consistent with previously re-
ported (*CNC)Fe(CH,SiMe;)>(N,) complexes.'’ Unfortu-
nately, attempts to obtain single crystals of the five-coordinate
dialkyl complexes have been unsuccessful.

The neopentyl analogue of (®***ACNC)Fe(CH,SiMe;),
was prepared using an analogous procedure with freshly pre-
pared py,Fe(CH,CMe;),. A red solid identified as (*##Me
ACNC)Fe(CH,CMe;),(N,) was isolated in 66% yield and
exhibited 'H and “C NMR resonances consistent with a dia-
magnetic compound (Scheme 3). Unlike the silicon-
containing congener, no color change was observed under
vacuum and the N-N band at 2068 cm™ persisted in the ben-
zene solution infrared spectrum. The subtle differences in the
identity of the alkyl ligand and the impact on dinitrogen coor-
dination is likely due to the decreased electron donating abil-
ity of the neopentyl ligands which permit dinitrogen coordina-
tion.

Scheme 3. Preparation ((S)-iBue

ACNC)Fe(CH,CMe;),>(N,).

of
py2Fe(CH,CMe3), (1.2 equiv.)

[N NN ~re Q/ r
pentane, -198 °C-rt, 1 h

=N
N . \
E? ‘ (-2py) [»/ L

Bu Bu

((9)-tBuMeACNC)Fe(CH,CMej),(N,), 66%
v(Nz, CgHg) = 2068 cm-1

A. (P"ACNC)Fe(CH,SiMes), B. ((S)-Cy:MeACNC)Fe(CH,SiMes),
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Zero-field *’Fe Mossbauer spectroscopy was used to further
study the electronic structures and dinitrogen coordination
behavior of the iron dialkyl complexes. (Figure 1, Table 1).
The solid-state spectrum of (*’ACNC)Fe(CH,SiMe;), con-
tained a major component (78 %) with an isomer shift of 8 =
=2.56 mm/s,
assigned to the 5-coordinate, S = 1 iron dialkyl. These values

0.11 mm/s and a quadrupole splitting of |AEq

were in agreement with DFT calculations on full molecular
models (8 = 0.12 mm/s, AEq = -2.43 mm/s, B3LYP). The
minor component, comprising 22% of the sample, exhibited
an isomer shift of = 0.19 mm/sand a quadrupole splitting of
|AEq|= 1.20 mm/s (calculated § = 0.17 mm/s, AEq = 1.65
mm/s, B3LYP), values that compare to those reported previ-
ously for low-spin (*CNC)Fe(CH,SiMe;),(N,) com-
pounds'” For (9MACNC)Fe(CH,SiMe;),, the major
component (59 %) has an isomer shift of § = 0.15 mm/s and a
quadrupole splitting of |AEq| = 1.61 mm/s (calculated =
0.18 mm/s, AEq = 1.62 mm/s, B3LYP), consistent with the 6-
coordinate, low-spin iron(II) dinitrogen complex, while the
parameters (8 = 0.13 mm/s; |AEq| = 2.46 mm/s; calculated
8= 0.13 mm/s, AEq = -2.35 mm/s B3LYP) for the minor
compound (41%) correspond to the S = 1 five-coordinate iron
dialkyl. For ((¥*'ACNC)Fe(CH,SiMe),, the major com-
ponent in the solid state (76%) is the 6-coordinate, iron(II)
dinitrogen complex (6 = 0.13 mm/s; |AEQ| = 1.53 mm/s;
calculated 8 = 0.19 mm/s, AEq = 1.52 mm/s, B3LYP), while
the minor component (24%) corresponds to the S-coordinate
S=1 iron dialkyl (3 = 0.14 mm/s; |AEq| = 2.43 mm/s; calcu-
lated & = 0.15 mm/s, AEq = -2.40 mm/s, B3LYP). With the
neopentyl (©BsMACNC)Fe(CH,CMe;),(N,),
only the 6-coordinate dinitrogen complex was observed, with

analogue,
an isomer shift of & = 0.10 mm/s and a quadrupole splitting of

|AEq| = 1.55 mm/s was observed consistent with exclusive
formation of the diamagnetic, 6-coordinate complex.

D. ((S)-tBuMepACNC)Fe(CH,CMes)5(N;) E. Reversible N,-Coordination

100 i, 100 W““”’E@;o — p/lgcjﬁd"
99.8 995 \/ N\ St
c c c c R*
2 ° o o
2 296 2 oof 2 £ _— N = N
2 5 2 5 [ 3] N
'g E 99.4 'g 985F 'g IS K )/ \/SIME3 j>/
° © o S 9f 4 14 ‘ ‘
e L 992 2 2 7]
5 5 5 % s ) SiMes SiMe.
) o) ° o) " 3
1 o 99f 4 14 i % { R R
975 9.5 b
|l i
98.8 [ 9 b 5-Coordinate, S=1 6-Coordinate, S=0
7| s o
. . . % A L L L o8 . . L
-4 2 ) 2 4 2 0 2 4 -4 2 0 2 4 4 2 [ 2 4

Velocity mm/s
v(Ng, CgHe) = 2069 cm™

Velocity mm/s
v(N, CgHg) = 2075 cm™!

Velocity mm/s
v(N3, CgHg) = 2073 cm™

Velocity mm/s
v(N, CgHg) = 2068 cm™!

Figure 1. Solid-state zero-field “’Fe Méssbauer spectra and infrared N=N stretching frequencies of A. (ACNC)Fe(CH,SiMe;), B
(OMACNC)Fe(CH,SiMe;), C. (®#»MACNC)Fe(CH,SiMe;), D. (®#»MACNC)Fe(CH,CMe;),(N,) E. Reversible N,-

coordination in (ACNC)Fe(CH,SiMe;)..

Table 1. Solid-state zero-Field ¥Fe Mossbauers of alkyl-
substituted pyridine dicarbene iron complexes.



[Fe] 8 (mm/s) |AEq| (mm/s)

ACNC)Fe(CH,SiMe;), (78%) 0.11 2.56
(

(P"ACNC)Fe(CH,SiMe;)(N.) 0.19 1.20
(22%)

(M ACNC)Fe(CH,SiMes), 0.13 246
(59%)

((9GMACNC)Fe(CH,SiMe;),(N;)  0.15 L61
(41%)

(©BuMACNC)Fe(CH,SiMes), 0.14 243
(24%)

(BuMACNC)Fe(CH,SiMe;),(N,)  0.13 1.53
(76%)

(©BuMACNC)Fe(CH,CMe;),(N,)  0.10 1.55
(>95%)

The behavior of (ACNC)Fe(CH,SiMe;), upon treatment
with strong L-type donors was explored. Exposure of aryl-
substituted (CNC)Fe(CH,SiMes),(N,) complexes to carbon
monoxide does not induce reductive elimination of the alkyl
ligands, but instead results in ligand substitution to yield
(CNC)Fe(CH,SiMe;),(CO)."" Likewise, exposure of a ben-
zene-ds solution of (**ACNC)Fe(CH,SiMe;), to 1 atm
of CO generated (®®**ACNC)Fe(CH,SiMe;),(CO)
(Scheme 4A). A strong CO band centered at 1903 cm™ was
observed in the benzene solution infrared spectrum. Single
crystals of (4 ACNC)Fe(CH,SiMe;),(CO) were ob-
tained from a toluene-pentane mixture stored at -35 °C and
the solid-state structure confirms an analogous idealized octa-
hedral geometry similar to (ACNC)Fe(CHZSiMe3)2(N2) ,
where CO occupies the site trans to the pyridine donor of the
ACNC pincer (Scheme 4B).

Scheme 4. A. Synthesis of ((S)-tBuMe
ACNC)Fe(CH,SiMe;),(CO). B. Solid-Structure of (VM
ACNC)Fe(CH,SiMe;),(CO). Thermal ellipsoids at 30 %
probability. Hydrogen atoms attached to stereogenic centers
omitted for clarity.
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Both (®@MACNC)Fe(CH,SiMe;), and  ((#uMe
ACNC)Fe(CH,SiMe;), were evaluated for catalytic asym-
metric alkene hydrogenation. The 1,1-disubstituted alkene (1-
isopropylvinyl)benzene (1a) was selected as a representative
substrate due to its previous use in asymmetric hydrogenation
with related cobalt catalysts.'* Initial conditions employed 10
mol% of the iron dialkyl precatalyst with 4 atm of H, in ben-
zene-dg solution. With ((©"%MACNC)Fe(CH,SiMe;),, com-
plete conversion to the alkane was observed after 30 minutes.
An enantiomeric excess of 40% was obtained favoring the (R)-
isomer of the alkane product (Scheme $). Similar activity was
observed with (©®*MACNC)Fe(CH,SiMe;), and under
identical catalytic conditions, the ee increased to 45%. De-
creasing the H, pressure with the latter iron precatalyst in-
creased the ee to 70%. Curiously, the related precatalyst, (-
M ACNC)Fe(CH,CMe;)»(N,) gave significantly lower
enantioselectivity (48% ee), suggesting that precatalyst activa-
tion may play a significant role in catalyst performance (vide
infra).

Scheme 5. Evaluation of enantioenriched (ACNC)Fe com-
plexes for asymmetric alkene hydrogenation.
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Inspired by these observations, conditions favoring lowering
H, pressures while maintaining an excess of dihydrogen, were
explored. A series of hydrogenation reactions of 1a were con-
ducted in thick-walled glass vessels with 0.1, 0.5, 1 and 4 atm
of H, using ("#**ACNC)Fe(CH,SiMes;), as the precatalyst.
Decreasing enantiomeric excesses were observed with increas-
ing pressure, further confirming the inverse H, pressure de-
pendence on enantioselectivity (Scheme 6). The highest en-
antioselectivity (70% ee) was observed when a J. Young NMR
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tube was used as the reaction vessel and mixed only by vertical
rotation. These results demonstrate the impact of the mass
transfer of hydrogen on the levels of enantioselectivity.?' A vari-
ety of conditions were evaluated including: catalyst loading,
solvent, and temperatures (See SI). In each case, however no
improvement in enantioselectivity was observed.

Scheme 6. Effect of hydrogen pressure on enantioselectivity
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One plausible explanation for the observed inverse hydro-
gen dependence is a competing, productive olefin isomeriza-
tion process which becomes more prominent at lower hydro-
gen pressures. To rule out this hypothesis, the hydrogenation
reaction was conducted at substoichiometric quanitities of
hydrogen gas. One notable observation in the hydrogenation
of 1a with (#»ACNC)Fe(CH,SiMe;), and 0.1 atm H, gas
is that deuterium incorporation was observed in the methylene
position of the alkene (1a-d,: 31%), as well as in the benzylic
position (43%) and methyl groups (50%) of the resulting
alkane (Scheme 7A). Our laboratory has previously reported
that [(*CNC)Fe] complexes are active for C(sp*)-H hydro-
gen isotope exchange (HIE) using benzene-ds as the deuteri-
um source.* The C-D activation of the benzene-ds solvent is
competitive with olefin insertion when the hydrogen pressure
is lowered, resulting in deuterium incorporation of the alkene.
No improvement of the enantioselectivity from the 1 atm
conditions was observed (64% ee). Deuteration of 1a with 1
atm of D, gas at 23 °C in the presence of 10 mol% of (54
ACNC)Fe(CH,SiMe;), produced the alkane in 62% ee with
near complete deuteration of the benzylic and methyl posi-
tions (Scheme 7B). A similar deuterium incorporation pattern
was observed when the catalytic reaction was conducted at 4
atm of D, but the ee eroded to 50%. Importantly, no isomer-
ized alkene was observed during the course of the hydrogena-
tion reactions. Consistent with this observation, no deuterium
was observed in the homobenzylic methine position of alkane,
demonstrating that alkene isomerization is not the source of
the higher ee observed at lower pressures of H,. The observed
positions of deuterium incorporation demonstrate that the
hydrogenation reaction proceeds with fast and reversible 2,1-
insertion and that 1,2-insertion is likely turnover limiting and
enantiodetermining.* A stereochemical model rationalizing
the moderate selectivity for the (R)-enantiomer is presented
in Figure S38. Additional experimental and computational
data are needed to support this model. The origin of the in-
verse dependence between H, pressure and enantioselectivity
will be discussed below.

Scheme 7. A. Effect of substoichiometric quantities of hydro-
gen. B. Deuterium labeling studies.
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Other 1,1-disubstituted alkenes, and trisubstituted alkenes
were evaluated for iron-catalyzed asymmetric alkene hydro-
genation (Scheme 8). With the goal of potentially slowing
reactivity and increasing the overall enantioselectivity, alkene
1b, a more hindered analogue of 1a, was subjected to the
standard catalytic hydrogenation conditions. Slightly reduced
activity (70% conversion to alkane, 17 hours) and lower ee
(28%) were observed. The less hindered 1,1-disubstituted
alkene, 1c produced higher conversion (>95%, 30 min) but
with negligible enantioselectivity (~5% ee). Trisubstituted
alkenes 1d and 1e also underwent hydrogenation with poor
enantioselectivity (13%, 16% ee respectively), despite the
slower reaction.

Scheme 8. ((9®*M:ACNC)Fe(CH,SiMe;), as a precatalyst
for the asymmetric hydrogenation of 1,1-disubstituted, and
trisubstituted alkenes.
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The hydrogenation of methyl-2-acetamidoacrylate (MAA,
1f) was also studied to gain insight into to the functional
group tolerance of the iron catalysts and due to the previous
success of the activated alkenes in precious metal and cobalt-
catalyzed reactions.*® Addition of 1f to a benzene-ds solution
of ((VB#M:ACNC)Fe(CH,SiMe;), produced a distinct color
change from red to purple. The newly formed purple product
was independently synthesized and assigned as the iron MAA
complex, (F»ACNC)Fe(CH,SiMe;)(MAA), based on 'H
and BC NMR spectroscopy and single-crystal X-ray diffrac-
tion (Scheme 9). This complex arises from the protonation of
one of the neosilyl ligands of (#***ACNC)Fe(CH,SiMes;),
and coordination of  the amidate. ((S)iBude
ACNC)Fe(CH,SiMe;)(MAA) proved unreactive to H, and
HBPin even at elevated temperatures (80 °C) and is air stable
(~5 hours) in the solid state, showing discoloration to from a
( (. s)-tBu,Me_
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purple to a brown color after this time. Utilizing



ACNC)Fe(CH,SiMe;)(MAA) as a precatalyst for hydrogena-
tion of 1a resulted in a slow reaction along with poor (<5% ee)
enantioselectivity. Thus this protonation event is identified as
a deactivation pathway and any hydrogenation reactivity may
be the result of an unidentified iron decomposition product.

Scheme 9. A. Synthesis of ((S)tbude.
ACNC)Fe(CH,SiMe;)(MAA). B. Solid-state structure of (-
M ACNC)Fe(CH,SiMe;)(MAA) at 30 % probability ellip-
soids. Hydrogen atoms attached to stereogenic centers omit-
ted for clarity.
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Investigations into the catalyst speciation, specifically the
iron product formed following treatment of the iron dialkyl
with H,, were undertaken. Aryl-substituted [(CNC)Fe] com-
pounds are known to form the corresponding
(CNC)Fe(H),(n*H,) and (CNC)Fe(H),(N,) derivatives
upon exposure to dihydrogen'” Treatement of a benzene
solution of ((F“MACNC)Fe(CH,SiMes), with 1 atm of H,
followed by rapidly freezing and analysis by zero-field *"Fe
Mossbauer spectroscopy revealed a complex mixture of prod-
ucts (Figure S9).

Exposure of a benzene-ds solution of ( (8)-tBuMe
ACNC)Fe(CH,SiMe;), to 1 atm of H, at 23 °C immediately
generated SiMe, with concomitant disappearance of all of the
signals in the '"H NMR spectrum corresponding to the iron
compound. Treatment of this product with excess carbon
monoxide resulted in rapid formation of a new, diamagnetic
product in 82% yield identified as ds-((BuMe
ACNC)Fe(CO),-d; in 82 % NMR yield, where complete
deuteration at the 2,4, and 6 position of the ligand backbone is
observed (Scheme 10A). Diagnostic CO bands were ob-
served at 1907 and 1863 cm™ in the benzene solution infrared
spectrum. To gain insight into the factors affecting catalyst
lifetime, this combined hydrogenolysis-carbonylation reaction
was performed at a variety of hydrogen treatment times and
pressures, as the yield of ("®**ACNC)Fe(CO),-d; after
hydrogenolysis likely directly correlates to the amount of ho-
mogeneous iron in solution. After 10 minutes of reaction time,
at 1 and 4 atmospheres of hydrogen produced 82%, and 42%

NMR yield respectively (Scheme 10a, entry 1 and 2), demon-
strating that increasing the concentration of hydrogen in solu-
tion decreases the quantity of active catalyst. At 1 atm of H,
gas, at increasing reaction time, the yield of (M
ACNC)Fe(CO),-d; decreased from 82%, to 54% (Scheme
10, entry 1, 3-5), confirming that the homogeneous iron spe-
cies decomposes under excess H, gas. Performing the hydro-
genation reaction in cyclohexane-d;, also generated an NMR
silent iron product and a complex mixture was observed by 'H
NMR spectroscopy after treatment with CO. Related aryl-
substituted pincer iron complexes, [ (*CNC)Fe] are known to
form trans-dihydride 77-dihydrogen complexes upon treat-
ment of the dinitrogen or dialkyl complexes with H,.'” It is
likely that a similar pathway is operative with the enantioen-
riched C,-symmetric examples reported here, however rapid
C-H activation and hydrogen isotope exchange processes
with the deuterated solvents complicate the spectroscopic
characterization.

(S)-tBu,Me

With the hydrogen-induced decomposition of (
ACNC)Fe(CH,SiMe;), established, possible background
catalytic reactions arising from these newly formed iron prod-
ucts were evaluated. Benzene-ds solutions of specific iron
compounds were pre-treated with 4 atm of H, for a designated
time followed by addition of 1a. Subsequent exposure to 1
atm of hydrogen and stirring at ambient temperature for 30
minutes (Scheme 10b). With 10 minutes of exposure of ("
M ACNC)Fe(CH,SiMes),, complete conversion of 1a was
observed in the subsequent catalytic hydrogenation and the
resulting alkane was obtained in 75% ee (Scheme 10b, entry
1). Increasing the incubation time to 2 hours resulted in a
lower enantiomeric excess of 60% (Scheme 10b, entry 2).
With 48 hours of pretreatment, an additional, albeit slight
drop in ee to 56% was observed (Scheme 10b, entry 4). By
comparison, pretreatment of the neopentyl variant, ((S)tude
ACNC)Fe(CH,CMe;),(N,) for 2 hours produced lower con-
version (76%) and enantiomeric excess (40%), suggesting
that the decomposition products from background hydrogen-
olysis of (®®»MACNC)Fe(CH,SiMe;), and ((-BuMe
ACNC)Fe(CH,CMe;),(N,) are different or are formed at
different rates. These results account for the observed inverse
dependence of H, pressure on enantioselectivity and also ex-
plain why more hindered, slower to react alkenes are reduced
with lower selectivity; otherwise, decomposition of the active
catalyst results in reduced enantioselectivity.

Scheme 10. A. Sequential hydrogenation-carbonylation of
((BuMeACNC)Fe(CH,SiMe; ), in the absence of alkene sub-
strate. B. Hydrogenation of 1a from H, pretreated iron com-
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Based on these results, the inverse dependence of enantiose-
lectivity is attributed to controlling the rate of productive hy-
drogenation to catalyst decomposition to the ill-defined unse-
lective catalyst of unknown homogeneity ([Fe]demmp). An
explanation of this effect is presented in Scheme 11. At lower
pressures of hydrogen, this decomposition rate is slowed re-
sulting in a lower concentration of [Fe]ecomy compared to the
desired enantioenriched catalyst ([Fe]emio) and increased
enantioselectivity is observed. This rationalization is also con-
sistent with lower levels of enantioselectivity on any highly
hindered, or trisubstituted alkene. Unselective hydrogenation
with the decomposed catalyst is competitive with the enanti-
oselective catalyst, and thus the enantioselectivity is eroded at
higher pressures of H,.

Scheme 11. Rationalization of inverse H, pressure depend-
ence on enantioselectivity.
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CONCLUSION

In conclusion, enantioenriched (ACNC)Fe dialkyl complexes
have been prepared, structurally characterized and evaluated
for their activity in the catalytic asymmetric hydrogenation of
alkenes. The five-coordinate, S = 1 iron dialkyl complexes
undergo reversible coordination of N, to form the corre-
sponding S = 0, idealized octahedral derivatives. Enantiose-
lectivity as high 70% ee was observed for the hydrogenation of
1a and lower pressures of H, resulted in increased selectivity.
In situ reaction monitoring and deuterium labeling studies
established that alkene isomerization was not occurring on a
timescale competitive with hydrogenation and was thereby
eliminated as the origin of the observed pressure effect. Addi-
tion of the enamide methyl-2-acetamidoacrylate to a enanti-
oenriched (ACNC)Fe dialkyl complex resulted in a crystallo-

graphically characterized product resistant to further reaction
with H,. Additional studies demonstrated that there is a dy-
namic, yet homogeneous speciation, however decomposition
of the catalyst to a less selective form may be the source of the
modest levels of enantioselectivity that were observed. These
studies demonstrate that maintaining well-defined catalyst
speciation is critical for enantioselective iron catalysis, a tri-
dentate pincers, while successful still suffer from deleterious
decomposition pathways. Importantly, maintaining well de-
fined speciation guides the development of next-generation
iron catalysts for asymmetric transformations.
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