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Iron Borohydride Pincer Complexes for the Efficient Hydrogenation of
Ketones under Mild, Base-Free Conditions: Synthesis and Mechanistic Insight
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Abstract: The new, structurally charac-
terized hydrido carbonyl tetrahydrido-
borate iron pincer complex [(iPr-
PNP)Fe(H)(CO)(n'-BH,)] (1) catalyzes
the base-free hydrogenation of ketones
to their corresponding alcohols em-
ploying only 4.1 atm hydrogen pres-
sure. Turnover numbers up to 1980 at
complete conversion of ketone were
reached with this system. Treatment of

cating that these complexes are not in-
termediates in the catalytic reduction
of ketones. NMR studies indicate that
the tetrahydridoborate ligand in 1 disso-
ciates prior to ketone reduction. DFT
calculations show that the mechanism
of the iron-catalyzed hydrogenation of
ketones involves alcohol-assisted aro-
matization of the dearomatized com-
plex [(iPr-PNP*)Fe(H)(CO)] (7) to ini-

tially give the Fe” complex [(iPr-
PNP)Fe(CO)] (21) and subsequently
[(7Pr-PNP)Fe(CO)(EtOH)] (38). Con-
certed coordination of acetophenone
and dual hydrogen-atom transfer from
the PNP arm and the coordinated etha-
nol to, respectively, the carbonyl
carbon and oxygen atoms, leads to the
dearomatized complex [(iPr-
PNP*)Fe(CO)(EtO)(MeCH(OH)Ph)]

1 with aniline (as a BH; scavenger) re-
sulted in a mixture of trans-[(iPr-
PNP)Fe(H),(CO)] (4a) and cis-[(iPr-
PNP)Fe(H),(CO)] (4b). The dihydrido
complexes 4a and 4b do not react with
acetophenone or benzaldehyde, indi-

lations -

gands

Introduction

The replacement of precious noble metal catalysts by inex-
pensive and environmentally benign metals is a desirable
goal in chemistry. Iron complexes in particular would pro-
vide an excellent alternative, due to the high natural abun-
dance and low toxicity of iron."! Although considerable
progress has been made recently in various iron-catalyzed
reactions,'*?® the development of efficient iron catalysts
for clean and environmentally friendly transformations re-
mains a big challenge.

The hydrogenation of polar and apolar multiple bonds,
typically catalyzed by Ru, Rh and Ir complexes, is an atom
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(32). The catalyst is regenerated by re-
lease of 1-phenylethanol, followed by
dihydrogen coordination and proton
transfer to the coordinated ethoxide
ligand.

economical synthetic method.["! While iron-catalyzed hydro-
silylations and transfer hydrogenations have been demon-
strated in a number of cases,””! only a few examples of reduc-
tions with hydrogen gas are described in the literature. Im-
portantly, Chirik and co-workers described the hydrogena-
tion of simple alkenes and alkynes under mild conditions,
using 0.3 mol % of the well defined Fe’ dinitrogen complex
[(Pr-PDI)Fe(N,),] (Pr-PDI = ((2,6-CHMe,),C;H;N=
CMe),CsH;N).™ With turnover frequencies of 1814 h™, this
iron complex gave even better results than common homo-
geneous and heterogeneous noble metal catalysts, such as
Pd/C, [RhCI(PPh;);] or [Ir(cod)(PCy;)(py)]PF,. The first ex-
ample of an iron-catalyzed hydrogenation of ketones or al-
dehydes was described by Casey et al., using the bifunction-
al  [(2,5-(SiMe;),-3,4-(CH,),(n*-C,COH)Fe(CO),H] com-
plex.P! This complex catalyzes the hydrogenation of ketones
and aldehydes with high chemo- and diastereoselectivity,
with turnover numbers up to 50, employing three atmos-
pheres of hydrogen pressure at ambient temperature. The
tetradentate diiminodiphosphine and diaminodiphosphine
iron complexes, reported by Morris and co-workers, effi-
ciently catalyze the hydrogenation of acetophenone with
high conversion at high pressure and excess of base (7=
50°C, p(H,) =25 atm, TON 225; catalyst/base =15).

We recently reported a highly efficient hydrogenation of
ketones catalyzed by an iron pincer complex in the presence
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of catalytic amounts of base.’! A new mode of cooperation
between the metal center and the pincer ligand, which has
been observed for the corresponding ruthenium com-
plexes,” is likely responsible for the high catalytic activity of
the iron complex. In order to make this transformation even
more efficient, it would be desirable to obviate the need for
added base. Ruthenium hydrido tetrahydridoborate com-
plexes were demonstrated to efficiently catalyze the hydro-
genation of organic carbonyl compounds."” The use of anal-
ogous iron(IT) complexes for the base free hydrogenation of
ketones was deemed worthy of investigation. Reported ex-
amples of iron tetrahydridoborate complexes are not
common and the simple homoleptic Fe(BH,), is only stable
below —10°C."! While mononuclear and polynuclear iron
complexes with n'-12 21314 and n’-coordinated™ tetrahy-
dridoborate, as well as complexes with bridging hexahydri-
doborate,'® ligands have been reported, we are aware of
only two mononuclear and structurally characterized hydri-
do tetrahydridoborate iron complexes.>'¥

Herein we report the synthesis and characterization of the
hydrido tetrahydridoborate iron pincer complexes [(iPr-
PNP)Fe(H)(CO)(n'-BH,)] (1) and [(iPr-PNP)Fe(H)(n’*-
BH,)] (2). Both complexes were investigated as pre-catalysts
for the hydrogenation of ketones under base-free conditions.
Complex 1 shows similar activity as the previously reported
pre-catalyst [(iPr-PNP)Fe(H)(CO)(Br)] (3), but unlike the
latter complex, the addition of a strong base is not required.
The reaction takes place under mild conditions, with turn-
over numbers up to 1980 and turnover frequencies up to
330 h™! at complete conversion of ketone, employing 4.1 atm
of hydrogen pressure at 40°C. In addition, we have devel-
oped a deeper mechanistic understanding of iron-catalyzed
ketone hydrogenation, via a series of stoichiometric reac-
tions of complex 1 and by density functional theory (DFT)
calculations.

Results and Discussion

Treatment of [(iPr-PNP)Fe(CO)Br,] with an excess of
NaBH, (5 equivalents) results in the formation of the hydri-
do borohydride complex 1 in good yield (Scheme 1). The
'P{'H} NMR spectrum exhibits a singlet resonance at 6 =
93.57 ppm, consistent with two equivalent phosphorus cen-

TiPrz Fl’iPr2
Br HBH
Nored NaBH, \ MBH,
4 N-Pe=CO ——— / “N-ketco
=B’ | EtOH — H/|

PiPr,

PiPry
1 70%
PiPr; 1) NaBH, PiPr, H
A 2) vacuum 72D\ | ~HZB,
/N Femr, ———— N-Fe=H' H
— EtOH/MeCN — H/|
1:1 .
PiPr, PiPry
iPr-PNP 2 83%

Scheme 1. Synthesis of iron hydrido borohydride complexes.
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ters. The methyl protons of the isopropyl groups give rise to
four doublets of doublets in the 'H NMR at 6=0.76, 1.17,
1.23 and 1.49 ppm indicating the absence of C, or C, symme-
try. In addition, a sharp triplet at d =—16.62 ppm for the co-
ordinated hydride and a broad resonance at 6 =—2.29 ppm
that integrates to four protons for the coordinated borohy-
dride ligand are observed in the "H NMR spectrum. The ob-
servation of a broad four proton resonance in this region of
the '"H NMR spectrum is typical for n'-coordinated borohy-
dride complexes of iron and ruthenium and indicates a dy-
namic behavior of the coordinated borohydride ligand."”!
Absorptions at 2318 and 2269 cm ! in the IR spectrum for
the terminal and at 2028 cm™' for the bridging hydrogen
atoms support an n'-binding mode of the borohydride
ligand. The X-ray crystal structure of 1 (Figure 1) reveals
a distorted octahedral coordination geometry around the
Fe" center, with the CO ligand located trans to the pyridine
nitrogen and the hydride ligand located trans to the n'-coor-
dinated borohydride ligand. The Fel-B1 distance (2.67 A)
in 1 is shorter than in the previously described iron hydrido
borohydride complex [(dmpe),FeH(n'-BH,)] (2.84 A,
dmpe =1,2-bis(dimethylphosphino)ethane),'?! indicating
a stronger bond between the iron(II) center and the borohy-
dride ligand.

Figure 1. Molecular structure of complex 1 with the thermal ellipsoids set
at 50% probability. Selected bond lengths [A] and angles [°]: Fel—P2
2.204(1), Fel-P3 2.204(1), Fel-N1 2.038(1), Fe—C1 1.728(2), Fel-H1
1.43(2), Fel-H2 1.615, O1-C1 1.161(2), B1-H2 1.180, B1-H3 1.270, B—
H4 1.233, BI-H5 1.079, P2-Fel-P3 164.46(2), Fe1-C1-O1 175.10(14), N1-
Fel-C1 170.04(6), H1-Fel-H2 169.7, H2-B1-H3 102.3, H2-B1-H4 117.0,
H2-B1-HS 131.0, H3-B1-H4 103.5, H3-B1-H5 96.5, H4-B1-HS5 101.6, Fel-
H2-B1 144.75.

Addition of an excess of NaBH, (4 equivalents) to a solu-
tion of FeBr, and /Pr-PNP in a 1:1 mixture of acetonitrile
and ethanol leads immediately to a deep red solution. Evap-
oration of the reaction mixture followed by extraction with
pentane yields the hydrido borohydride complex 2. The
P{'H} NMR of 2 exhibits a singlet resonance at &=
97.68 ppm indicating the equivalence of both phosphorus
centers. A sharp triplet is observed for the hydride ligand at
0=-18.18 ppm in the 'HNMR, while the borohydride
ligand gives rise to two broad proton signals at 6 =—28.67
and —9.63 ppm for the bridging hydrogen atoms and
a broad doublet at 6=4.95 ppm that integrates to two pro-
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tons for the terminal hydrogens. This splitting of the protons
in the "H NMR spectrum is typically observed for 1’-coordi-
nated borohydrides. The observation of strong bands at 2387
and 2322 cm ! in the IR spectrum for the B-H vibrations of
the terminal hydrides and a broad band at 1818 cm™' con-
firms an n>-binding mode of the borohydride ligand.'”’ The
X-ray crystal structure of 2 shows that the iron(II) center is
in a distorted octahedral environment (Figure 2). The Fe-B
distance of 2.095(3) A is consistent with a n>-binding mode
of the borohydride ligand.

Figure 2. Molecular structure of complex 2 with the thermal ellipsoids set
at 50% probability. Selected bond lengths [A] and angles [°]: Fel—P1
2.169(1), Fel—P2 2.183(1), Fel1-N1 1.974(2), Fel-H1p, 1.48(2), Fel-H3y,
1.60(2), Fel-H4B1 1.68(2), B1-H1B1 1.10(2), B1-H3, 1.25(2), B1-H4y,
1.28(2), B1-H2;, 1.13(2), P1-Fel-P2 163.5(1), Hlg-Fel-H3g, 95.9(12),
Hlg-Fel-H4g, 170.0(12), H3g-Fel-H4y, 74.1(11), H2g,-B1-H4yg,
110.1(15), H3g,-B1-H4y, 103.1(14), Hlg-B1-H2g, 111.6(16), Hlg-Bl-
H3;, 109.6(15), Hlg,-B1-H4g, 111.0(15), H2g,-B1-H3g, 111.2(14).

The borohydride complexes 1 and 2 were investigated as
pre-catalysts in the hydrogenation of acetophenone without
any added base, utilizing 0.05 mol% complex, 4.1 atm hy-
drogen and ethanol as the solvent (Table 1). At ambient
temperature with complex 1, rac-1-phenylethanol was ob-
tained in a poor yield of 12%. However, at 40°C complex
1 showed comparable catalytic activity to the previously re-
ported [(iPr-PNP)Fe(CO)(H)Br] (3) system,®! while the hy-
drido borohydride complex 2 displayed no activity at all.

Catalyst 1 was tested for a number of substrates under
various reaction conditions (Table 2). Complete conversion
of acetophenone to rac-1-phenylethanol was observed when
a slightly higher loading of 1 was employed (Table 2,

Table 1. Hydrogenation of acetophenone.!

Complex T[°C] t [h] Yield [%] TON TOF [h™]
(conversion)!

1 26 21 12 (12) 240 11

1 40 6 89 (89) 1780 296

2 40 6 0 0 0

3 26 21 94 (94) 1880 89

3l 40 4 85 (86) 1700 425

[a] Reaction  conditions: Complex (0.0025 mmol), acetophenone

(5 mmol), m-xylene (1 mmol), ethanol (3mL), H, (4.1 atm), 40°C.
[b] Determined by GC analysis with m-xylene as internal standard.
[c] 0.005 mmol KOrBu were added (For details, see ref. [8]).
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entry 2). Halogen-substituted acetophenones were hydro-
genated in high yields and, importantly, no hydrogenolysis
of the carbon—halogen bonds took place (Table 2, entries 3
and 4). The methyl-substituted derivative was reduced to
the corresponding alcohol in moderate yield (Table 2,
entry 5). Hydrogenation of cyclohexanone resulted in the
formation of the corresponding alcohol in 44% yield
(Table 2, entry 6), while benzophenone was hydrogenated in
72% vyield (Table 2, entry 7). Since the latter compound is
not enolizable, it is unlikely that in the case of enolizable
ketones hydrogenation of the carbon—carbon double bond
of the corresponding enol is significantly involved.

The hydrogenation of benzil resulted in the formation of
benzoin in surprisingly poor yields (Table 2, entry 8). 2-Ace-
tylpyridine was completely converted to rac-1-(pyridin-2-
yl)ethanol with the highest turnover number reported so far
for an iron-catalyzed hydrogenation of a ketone (Table 2,
entry 9, TON=1980). Complex 1 displayed increased activi-
ty in the hydrogenation of a,-unsaturated ketones, such as
trans-4-phenyl-3-buten-2-one, in which case reduction of the
carbon—carbon double bond also took place (Table 2,
entry 10). Hydrogenation of aldehydes is problematic. Only
traces of benzyl alcohol were observed, but this process
could be somewhat facilitated by the addition of base
(Table 2, entry 11).

We have previously proposed that the catalytic hydroge-
nation of ketones by 3 in the presence of a catalytic amount
of base involves the formation of a dearomatized pentacoor-
dinated intermediate as the initial step in the catalytic cycle,
and that this intermediate is stabilized by reversible addition
of ethanol.’! We demonstrated that the addition of hydrogen
to a dearomatized complex (stabilized by a donor ligand)
led to a dihydride complex and observed that the major spe-
cies formed under catalytic conditions was probably a hydri-
do ethoxy complex. In order to facilitate a more detailed
mechanistic understanding, complex 1 was investigated by
a series of stoichiometric reactions.

Treatment of 1 with one or more (up to 10) equivalents of
a ketone or an aldehyde in an aprotic solvent (benzene, tol-
uene or acetone) results in minor conversion (approx. 10%)
to two complexes that gave rise to two equally sized singlet
resonances in the *'P{'H} NMR spectrum. One singlet is as-
signable to the frans-dihydride 4a (Scheme 2) indicating that

F|’/Pr2 PIPI’Z TIPrz
HBH co
N 3 PhNH 3
/NFeCO T NFeCO—/NFeH
—( 1 C%H?’
sDg OF
PiPry [Deltoluene PIPI‘Q P/Prz

Scheme 2. Reaction of 1 with aniline.

in aprotic solvents, 1 preferably undergoes elimination of
BH;. Upon treatment of 1 with aniline (instead of a ketone
or an aldehyde) as a BH; acceptor in benzene or toluene,
complete reaction was observed to give two products with
singlet resonances at 0=116.86 and 120.06 ppm in the
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Table 2. Hydrogenation of ketones catalyzed by 1.1

These findings, along with the

Entryl! Substrate Product!®’ Yield [%] TON TOF J(H,H) value of 13.7Hz, are
(Conversion)'"! [h']  consistent with 4b being an

0 OH iron(Il)  cis-dihydride  com-

/(j)k /@A plex."™ In contrast to the obser-

X X vations at low temperature,

1 X—H 89 (89) 1780 206 only one broad singlet reso-
20l X=H 99 (99) 1485 247 nance at 0=-12.95ppm was
3 X=a 72(72) 1440 240 observed at 90°C for the two
g ;zf;e 22 Eggi i(l)ég }gg hydrides of 4b, while the signals
o] OH were absent at room tempera-

6 ij @ 44 (44) 880 146 ture. Variable temperature 'H-
NOESY NMR experiments

o) OH showed exchange between both

7 ph)J\ph ph)\ph 72(72) 1340 240 hydride signals of 4b and no ex-
o} OH change between 4a and 4b at

8 o oy 18 360 60  —70°C, while at 90°C, ex-
Oo OOH change was observed between

4a and 4b (Scheme 2). The T}-

9 [ | 99 (99) 1980 30 (min) values measured at
- . 500 MHz of 246 (4b) and 296

101! 27 (99 990 165 4a) ms are in the range be-
Ph/\/U\ Ph/\/(: o fwe)en classical and non%classi-

on PN 65 cal metal hydrides," but the

o fact that 4a and 4b undergo H/

Ph ~A 7 D exchange in the presence of

o D, without any deuteration of

11 Ph/lLH Ph”OH 15 (15) 300 50 the benzylic positions of the co-

ordinated  ligand  suggests

[a] Reaction conditions: 1 (0.0025 mmol), substrate (5 mmol), m-xylene (1 mmol) ethanol (3 mL), H,
(4.1 atm), 40°C, 6 h. [b] Determined by GC analysis with m-xylene as internal standard. [c] 0.0033 mmol of 1.

[d] 2.5 mmol of substrate. [e] 0.04 mmol KOrBu were added.

3'P{'H} NMR spectrum (Scheme 2). The 'H NMR spectrum
of the mixture at room temperature exhibited a triplet at
0=-7.27 ppm for the trans-dihydride 4a, while no signal in
the hydride region was observed for the second complex 4b
(by 'H,*’P-HMQC NMR). Two complete sets of signals were
observed for the hydrogen atoms of the pincer ligands: one
set corresponding to the trans-

dihydride 4a, exhibiting only

one signal for the methyl pro-

tons of the isopropyl groups Vi

and one signal for the benzylic —

protons, as expected for C,, C;
or C,, symmetry, and a second
set for complex 4b comprising
four signals for the methyl pro-
tons of the isopropyl groups, in-
dicating lack of symmetry (con-
firmed by 'H-COSY, 'H,”C-
HSQCNMR). At —70°C, two
triplets of doublets localized at
0=-18.65 and —6.43 ppm were
observed in the hydride region
of the 'HNMR spectrum, &
which are identified with 4b.
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a mechanism involving a non-
classical dihydrogen iron(0) in-
termediate. Complexes 4a and
4b did not show any significant
reactivity towards acetophenone (after one day), indicating
that they are not active species in the catalytic reduction of
ketones.

When complex 1 was dissolved in CD;0D, two additional
complexes were observed in the 'H and *'P{'"H} NMR spec-
tra in low concentrations relative to 1 (Scheme 3).1! The

H
i H
PiPr, PiPrzH By PiPr, R—|+
| \HBH, J A vron g 50—
N—lF‘e—CO — N F|e—CO 7F|e*CO + BHjy
H —H
PiPrz PiPrz PiPr2
1 1a 5
o]
" JJ\Rz, ROH
OH
RPN
i PiP ]
/ TlPrz /H‘|152/R H_TI\F’g/R—| +
N-Fe-co| <RM_ ' N-ré~co=BH. ' “\rco + ro
H | —(H =’ |
PiPr, PiPry PiPry
7 6a 5

Scheme 3. Reactivity of 1 with ketones in alcohols (R =Me, Et).
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first complex 1a exhibits a broad singlet at 6 =—5.71 ppm in
the '"H NMR spectrum for the still coordinated tetrahydrido-
borate ligand and a triplet resonance at 6 =—18.39 ppm for
the hydride ligand, which correlates to a signal at 6=
89.58 ppm in the *P{'H} NMR spectrum. In comparison to
1, the '"H NMR signals of the hydride and the tetrahydrido-
borate ligand and the whole set of signals arising from the
pincer ligand in 1a are slightly shifted. The upfield shift of
the hydride ligand in the "H NMR indicates a weaker associ-
ation of the coordinated tetrahydridoborate ligand trans to
it, and the appearance of a broad singlet instead of a broad
doublet in the 'H NMR might indicate a lower barrier of ro-
tation for the tetrahydridoborate ligand in 1a, which is in
agreement with a weaker association.™ The bonding in
transition-metal borohydride complexes is usually described
as a 2-electron 3-center bond; for the n'-case, one of the t,
orbitals of the borohydride ligand interacts with an appro-
priate orbital of the transition metal fragment.”'! A reasona-
ble explanation for the observation made with complex 1a
could be that the bond between the iron(II) center and the
borohydride ligand is less covalent together with a possible
solvation effect of the borohydride ligand.

The second complex was identified as the cationic hydrido
carbonyl complex [(iPr-PNP)Fe(CO)(H)(DOCD3)]* (5-
CD;0D), which can also be independently prepared from 3
and TIPF, in CD;OD. If one or two equivalents of acetophe-
none or benzaldehyde are added to this mixture, the concen-
trations of 1a and 5-CD;OD increase immediately. 'H-
NOESY NMR experiments show an exchange between the
hydride resonances of 1 and la and between the hydride
resonances of 1la and 5-CD;OD. Formation of a cationic
ruthenium species with an alcoholic solvent coordinated to
the metal center was reported for hydrido borohydride
ruthenium complexes.'™??! The observation of a cationic
complex indicates that the tetrahydridoborate ligand dissoci-
ates prior to the aldehyde or ketone reduction to the corre-
sponding alkoxides. A stoichiometric amount of base can be
generated by alcoholysis of free borohydride as observed by
Noyori and co-workers for the corresponding ruthenium hy-
drido borohydride complexes trans-[(tolbinap)-
(diamine)RuH(n'-BH,)] (tolbinap =2,2’-bis(di-4-tolylphos-
phino)-1,1"-binaphthyl; diamine = e.g., 1,2-diphenylethyle-
nediamine) or reduction of acetophenone by the free boro-
hydride anion.'”?2 After 2-3 h of reaction with acetophe-
none or benzaldehyde, a new species (6b-CD;OD) with
a triplet resonance for the hydride ligand centered at 6=
—6.39 ppm (3Jpy=44.9 Hz) in the '"HNMR spectrum and
a singlet peak at 0=98.98 ppm in the *'P{'H} NMR spec-
trum was observed.’” The '"HNMR chemical shift of 5=
—6.39 ppm indicates that a strong donor is located trans to
the hydride, likely the CO ligand. The fact that 6b-CD;OD
is observed in reactions with benzaldehyde and acetophe-
none suggests that these are not bound to the iron(II)
center in 6b-CD;OD. In fact, it seems likely that an alkox-
ide ligand is bound to the iron center.

When the reactions described above were conducted with
benzaldehyde or acetophenone in [Dglethanol instead of

Chem. Eur. J. 2012, 00, 0-0
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[D;]Jmethanol, 1a and the corresponding ethanol complex 5-
CD;CD,OD were initially formed, but the concentration of
5-CD;CD,0OD was significantly lower than in the corre-
sponding reactions with [D,]methanol. In addition to 6b-
CD;CD,0OD, a new hydridic species with a doublet of dou-
blet resonance at 6 =—22.97 ppm in the '"H NMR (*/(H,P) =
61.3, 2J(H,P)=47.2 Hz) and an AB-system centered at 6=
116.42 ppm in the *'P{'H} NMR spectrum (3/pp=143.6 Hz)
was generated over the course of the reaction (6a-
CD;CD,0OD). The observation of an AB system in the
3P{'"H} NMR spectrum and a doublet of doublets for the hy-
dride ligand in the 'H NMR spectrum is consistent with
a dearomatized complex with two inequivalent phosphorus
centers. Based on the chemical shift of the hydride ligand
and the observation of this complex in reactions with ben-
zaldehyde and acetophenone, it seems likely that this com-
plex is the dearomatized hydrido carbonyl ethanol iron(II)
complex 6a-CD;CD,0OD. An unsaturated pentacoordinated
intermediate 7 could be generated from 6a-CD;CD,0OD by
the loss of the coordinated CD;CD,OD (Scheme 3).

Based on these observations, the reaction mechanism for
the reduction of ketones by (iPr-PNP*)Fe(H)(CO) (7,
Figure 3, the asterisk denotes a dearomatized pincer
ligand)® was examined using density functional theory
(DFT), specifically at the SMD(EtOH)-PBEO-d,3/cc-pVDZ//
DF-PBE-d,,/SDD(d) level of theory (see Computational
Details section for full details). In particular, the reduc-
tion of acetophenone to 1-phenylethanol was considered,
which involves an overall reaction energy of AGyg=
—6.4 kcalmol ™.

Figure 3. Optimized structure of 7 (a color version is provided in the Sup-
porting Information).

One key constraint to be considered when evaluating pos-
sible reaction pathways involves the coordination site of the
ketone (and its derivatives). The ketone has significant bulk
and one would expect it to remain in the equatorial plane
(as defined by the pincer ligand). If the ketone were to be
in an axial/apical coordination site, one might expect signifi-
cant steric interactions between it and the bulky isopropyl
substituents.” The hydride and CO ligands are much small-
er and thus more suitable ligands to occupy these sterically
hindered sites.

The first proposed mechanism (Scheme 4, the determined
reaction profile is in Figure 4 and the relative energies are
in Table 3) is based on what one would intuitively draw
based on the catalyst structure and is, in part, based on the
mechanism proposed in the original communication.® The

www.chemeurj.org
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Scheme 4. Reaction mechanism for the [(iPr-PNP*)Fe(H)(CO)] (7) catalyzed hydrogenation of acetophenone via initial iron hydride transfer to the ace-
tophenone carbonyl carbon; the three possible pathways of the H, activation by 10 are indicated.
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Figure 4. Reaction profile for the [(iPr-PNP*)Fe(H)(CO)] (7) catalyzed hydrogenation of acetophenone via in-
itial iron hydride transfer to the acetophenone carbonyl carbon (see Scheme 4). Only the routes involving the

TP
a

isomers are shown; the “b” isomers are generally close in energy to their

et}
a

counterparts. Parts common

to all three pathways are drawn as solid lines, while the top, side and bottom approaches of H, are drawn as
dotted, grey and dashed lines, respectively. Also shown are the turnover frequency (TOF) determining inter-
mediate (TDI) and TOF determining transition state (TDTS) according to the energetic span model (ESM,

see text) for this reaction profile.

first step involves isomerization of 7 to give the isomer 8
with the ring in the apical position, rather than the hydride.
This is not as unfavourable as one might expect, as the ni-
trogen is an amide (R,N7) rather than a pyridine due to
dearomatization of the PNP ligand. This allows for coordi-
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nation of acetophenone to the
equatorial coordination site (9)
cis to the hydride. If the aceto-
phenone were to coordinate to
the vacant axial position in 7,
the hydride has to be trans-
ferred to the other face of the
complex. In Ir and Ru com-
plexes, this was found to be
possible via the dearomatized
ligand arm, but this transfer in-
volves significant barriers, al-
though solvent can facilitate
this process.”*! In Ir', this
transfer, when assisted by two
water molecules, involves a cal-
culated barrier of AG =
19.8 kcalmol ', higher than
the isomerization energy 7—8
of AG*,3=12.9 kcalmol .
Nonetheless, such a pathway
was also considered (see
below).

Four acetophenone com-
plexes were considered: two
possible relative orientations of

the acetophenone and CO ligands (in the Supporting Infor-
mation and Table 3, these are identified by “a” and “b”;
herein only the more stable will be considered although gen-
erally both are of similar energy—in a few cases only one of
the isomers could be found), and two possible coordination

Chem. Eur. J. 0000, 00, 0-0
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Table 3. DFT energies (kcalmol ™', SMD(EtOH)-PBEO-d,/cc-pVDZ//DF-PBE-d,,/SDD(d) level of theory) of all calculated structures, relative to 7+ ace-
tophenone + H,. Note that some of the complexes are only referred to in the expanded discussion in the Supporting Information (see text).

Complex a b Complex a b

7 0.0 22 72 10.2
8 12.9 TS(7-21) 35.7

9 8.6 11.7 TS(7-21) + EtOH 20.6

9 29.3 28.7 TS(7-21)+H,0 23.9

TS(9-10) 321 Ll 21 7.4

TS(9-10) 29.9 el TS(22-10) 28.8 33.3
TS(9-10) + EtOH 63.4 al TS(25-28) 33.7 40.9
10 -1.0 0.0 28 -5.0 -9.7
1 125 7.8 TS(28-11) 21.3 16.0
TS(11-12) 158 13.4 TS(28-30) 29.0 233
12 5.5 4.0 30 2.9 6.7
13 5.7 2.8 TS(26-29) 36.0 27.3
TS(13-14) 11.8 9.5 29 —17.4 -185
14 —-20.9 —-21.9 TS(29-30) 11.9 1322
TS(14-15) -10.2 —-10.4 TS(23-24) 26.2 30.1
15 —11.4 —12.7 38 7.6

TS(10-16) 122 —al TS(38-32) 24.5 21.7
16 4.7 3.5 32 —4.0 -1.7
TS(16-17) 10.1 10.3 33 -0.5

17 -1.7 -2.0 34 6.3

TS(9-19) 59.5 58.9 TS(34-35) 13.1

19 15.6 16.6 35 2.6

19’ 314 26.3 36 2.1

20 13 —0.4 TS(36-37) 10.6

TS(20-22) 34.1 334 37 —6.4

[a] Not found; see text.

modes 1'-O and 1*-CO (denoted by no prime and prime, re-
spectively)—of the ketone. While the two relative isomers
of 9 are of similar energy (9a and 9b differ by 3.1 kcal
mol~!, while 9a’ and 9b’ differ by 0.6 kcalmol™'), the n'-O
isomers are significantly lower in energy.

The next step is the transfer of the metal hydride to the
carbonyl carbon (10); previous work has shown the prefer-
ence of hydrogen transfer to the carbonyl carbon over the
carbonyl oxygen in the initial step in metal-catalyzed hydro-
genation of acetone.” While 9 is lower in energy than 9,
the transition state TS(9-10) results in a higher barrier than
TS(9-10) (Figure 5). The preferred route would thus in-
volve changing binding modes of the acetophenone followed
by a very low barrier (< 1 kcalmol™) for hydrogen transfer.
This transition state is the highest point on the reaction pro-
file at AG¥,03=29.9 kcalmol ' relative to 7+ reactants. At-
tempting to use a solvent (ethanol) molecule to lower this
barrier by acting as a proton shuttle (see below) actually
leads to a much higher barrier (i.e., TS(9-10)+EtOH,
Table 3).

The next logical step is coordination of free H, to the va-
cated coordination site. As complex 10 is roughly trigonal
bipyramidal, there are three possibilities for the H, to ap-
proach the metal center. One approach, the middle ap-
proach, relative to the PNP plane (Scheme 4), places the
non-classical dihydrogen ligand cis to an equatorial 1-phe-
nylethoxy ligand and thus well located to complete the hy-
drogenation. In fact, the barrier resulting from TS(11-12)
(Figure 5) to give the 1-phenylethanol product complex 12 is
fairly low (AG*,53=3.3 kcalmol™). Loss of the product alco-
hol from 12 regenerates the catalyst (7 or 8).

Chem. Eur. J. 2012, 00, 0-0
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Figure 5. Optimized structures of TS(9-10) (top) and TS(11-12)
(bottom). For visual clarity, only the relevant hydrogen atoms are repre-
sented (a colour version is provided in the Supporting Information).

The second (left) approach (Scheme 4) of H, to complex
10 results in a complex with the H, ligand trans to the axial
1-phenylethoxy ligand 13. This places this large ligand
amongst the phosphine isopropyl substituents. Despite pre-
vious expectations, this complex is actually more stable than

www.chemeurj.org
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its expected isomer 11 by 6.8 kcalmol™. In contrast to the
first route, the H, is on the wrong side of the complex for
direct transfer to the 1-phenylethoxy ligand. However, in re-
lated complexes it has been shown that the arm of the dear-
omatized pincer ligand can accept a hydrogen atom and
thus be used as a shuttle between the two faces of the
pincer ligand.?*?*%l The barrier for hydrogen transfer
(Figure 6, AG*,3="6.1 kcalmol™' from 13 to give 14) from

Figure 6. Optimized structures of TS(13-14) (top) and TS(14-15)
(bottom). For visual clarity, only the relevant hydrogen atoms are repre-
sented (a colour version is provided in the Supporting Information).

the H, ligand to the arm is not unreasonable and is, in fact,
dramatically lower than in the previously examined iridium
complex. Complex 14 represents the lowest energy point
on the reaction profile at AGs=—19.3 kcalmol . Transfer
of a hydrogen atom from the arm directly to the 1-phenyle-
thoxy ligand (i.e., TS(14-15), Figure 6) generates the 1-phe-
nylethanol product and regenerates the catalyst 1. This in-
volves a barrier of AG™,03=10.7 kcalmol ™.

A third (right) approach (Scheme 4) has the H, approach-
ing between the CO and 1-phenylethoxy ligand, resulting in
complex 16. From 16, a transition state for H, coordination
TS(10-16) (Figure 7) was found, leading to a barrier of
AG™,5s=133 kcalmol !, but its connectivity could not be
confirmed by an IRC calculation. However, this point is still
below TS(9-10) and thus should not significantly affect the
reaction kinetics. From here, a low barrier (i.e., TS(16-17),
Figure 7) leads to the coordinated alcohol complex 17 and
finally regeneration of the catalyst.

All three approaches have similar barriers. However, the
second approach involves a low energy intermediate 14.
This would result in a very slow reaction as the energy re-
quired to overcome TS(9-10) from this well is nearly 50 kcal
mol™!. Because of this high barrier (turnover frequency

www.chemeurj.org
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Figure 7. Optimized structures of TS(10-16) (top) and TS(16-17)
(bottom). For visual clarity, only the relevant hydrogen atoms are repre-
sented (a colour version is provided in the Supporting Information).

(TOF)-determining transition state TDTS),”” alternate
routes that bypass either point, or both, were considered.
Several alternate pathways were considered before the
final pathway was determined; the interested reader is re-
ferred to the Supporting Information for a brief discussion.
The final, proposed reaction pathway (Scheme5 and
Figure 8) involves initial aromatization of 7 to give 21. This
transformation, which is assisted by a solvent (ethanol) mol-
ecule, involves a barrier TS(7-21)+EtOH of AG =
20.6 kcalmol . This ethanol (or another) can coordinate to
the metal center to give 38. Next, a transition state was
found for the concerted, dual hydrogen transfer of a hydro-
gen from the PNP-arm to the incoming acetophenone
carbon and, in addition, the proton from the coordinated
ethanol to the oxygen of the acetophenone ligand (i.e., to
give complex 32). An intrinsic reaction coordinate (IRC, see
Computational Details section) calculation demonstrates
that this transition state TS(38-32) (Figure 9) connects com-
plex 38 and free acetophenone with complex 32. This dual
hydrogen transfer involves a barrier of AG™,=24.5 (a) or
21.7 (b) kcalmol !, relative to 74 reactants. Moreover, the
low-energy structure 14 is avoided. Loss of 1-phenylethanol
gives the iron-ethoxide complex 33, which upon addition of
H,, regenerates the catalyst. Catalyst regeneration can
either proceed via TS(34-35) or TS(36-37) (Scheme 5 and
Figure 8), which differ in approach of H, (i.e., side or
bottom) involve barriers of AG*,3=13.1 or 10.6 kcalmol ™
(relative to 7+ reactants). As both routes for catalyst regen-
eration involve low barriers, both are feasible and likely to
occur. According to the energetic span model (ESM),*"! the
dual hydrogen transfer transition state TS(38-32) is the
TDTS, while the initial reactants +7 form the TOF-deter-

Chem. Eur. J. 0000, 00, 0-0
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Scheme 5. Final reaction mechanism found for the [(iPr-PNP*)Fe(H)(CO)] catalyzed hydrogenation of acetophenone. Catalyst regeneration can proceed
via either side or bottom approach (as indicated) of H, to 33, both of which are feasible.
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i6i Yang recently reported an in-

dependent computational study
into the mechanism of the (iPr-
PNP*)Fe(H)(CO) catalyzed re-
duction of acetophenone.*! Tn
their mechanism, the reaction
proceeds via trans-(iPr-
PNP)Fe(H),(CO) and involves
an outer-sphere hydrogen-trans-
fer from this complex to the carbonylcarbon atom of aceto-
phenone to yield, as an intermediate, 1-phenylethoxide,
which binds to the metal center and subsequently a hydrogen
atom is transferred from the arm. We have certain reserva-
tions about this mechanism and favor ours for a few rea-
sons: a) Yang’s mechanism goes via trans-(iPr-
PNP)Fe(H),(CO). However, we demonstrate here that the
dihydride complexes 4a and 4b do not reduce acetophenone
(see above). b) Yang’s study used methyl substituents on the
PNP ligand rather than isopropyl. While this was shown in
two cases not to have an impact on the results, this may not
be so throughout the reaction, and especially in the key
transition state (denoted by Yang as TS;,;) involving hydro-

Figure 8. Reaction profile for the (iPr-PNP*)Fe(H)(CO) catalyzed hydrogenation of acetophenone via the
final reaction pathway. The exit routes via 34 and 36 ar drawn as dashed and solid grey lines, respectively, both
of which are feasible. The lower-energy “b” route is shown in solid lines while the alternate “a” route, which
differs in the orientation of the acetophenone as it approaches the metal center, is in dotted lines, and both
routes are feasible (see text). Also shown are the TDI and TDTS according to the ESM (see text) for this re-
action profile.

g

Figure 9. Optimized structures of TS(38-32). For visual clarity, only the
relevant hydrogen atoms are shown (a color version is provided in the
Supporting Information).
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gen-transfer to the acetophenone carbonyl carbon. This
transition state requires a precise alignment of the complex
and the substrate in the outer sphere and steric interactions
might be significant. At the very least, steric influence
cannot be summarily dismissed based on their insignificance
in another transition state along the reaction profile. This
was demonstrated in our previous examination of the trans-
addition of H, to (rBu-PNP)IrPh.¥ Sterics may also affect
another key transition state TS,y gon in Yang’s mechanism,
specifically protonation of the PNP* arm C=C bond by eth-
anol. ¢) Yang’s mechanism involves a very specific approach
of acetophenone to the iron center without any directing in-
fluences. By analogy, in heterogeneous catalysis the Lang-
muir-Hinshelwood (LH) mechanism!*! is generally favored
over the Eley-Rideal (ER) mechanism,*! even though the
latter tends to have lower reaction barriers.*! This is ex-
plained in part by noting that the channel for the incoming
substrate is narrow and any small deviations can result in
significantly higher barriers.*¥! In contrast, in our mecha-
nism, the incoming acetophenone substrate is directed to
the metal center by the Fe—O interaction and both ap-
proaches of the substrate can lead to a viable reaction. A re-
lated metal-oxygen directing interaction has demonstrated
experimentally in the ruthenium-based Noyori reduction of
acetophenone.™!

Conclusion

In summary, we have described the synthesis and characteri-
sation of two rare examples of stable mononuclear iron(II)
hydrido borohydride complexes. The hydrido carbonyl tetra-
hydridoborate complex 1 catalyzes the hydrogenation of ke-
tones under mild conditions with no added base, with turn-
over numbers of up to 1980, which is the highest turnover
number reported to date for iron-catalyzed hydrogenation.
The cis- and trans-dihydride carbonyl complexes 4a and 4b,
which are in equilibrium with one another, do not react with
acetophenone, excluding the possibility that these complexes
are the active species in the catalytic reduction of ketones.
Furthermore, the reaction mechanism of the iron-catalyzed
hydrogenation of ketones was examined using density func-
tional theory. It was found that the preferred route involves
the following steps: i) alcohol-assisted aromatization of 7 to
give initially 21 and subsequently ethanol coordination to
give 38; ii) concerted coordination of acetophenone and
dual hydrogen-atom transfer from the PNP arm and the co-
ordinated ethanol to, respectively, the carbonyl carbon and
oxygen atoms; iii) release of the 1-phenylethanol product
and coordination of H,; and iv) proton transfer to the alco-
hol and regeneration of the catalyst. This overall reaction
pathway involves an overall barrier (energetic span accord-
ing to the ESM) of AG™,5=21.7 kcalmol~'. Attempts to de-
velop asymmetric variants of this reaction are in progress.
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Experimental Section

Materials and methods: All experiments were carried out under an at-
mosphere of purified nitrogen in a Vacuum Atmospheres glovebox or
using standard Schlenk techniques. All solvents were reagent grade or
better. Benzene and n-pentane were refluxed over sodium/benzophenone
and distilled under argon atmosphere. Ethanol and acetonitrile were
cooled with liquid nitrogen and degassed under vacuum. Deuterated sol-
vents were degassed with argon and stored in the glovebox. All sub-
strates for hydrogenation were purified by either distillation or recrystal-
lization. The iPr-PNP ligand,”™ [(iPr-PNP)Fe(CO)Br,]*! and [(iPr-
PNP)Fe(H)(CO)Br]® (3) were prepared according to previously report-
ed procedures. 'H, *C and *'P NMR spectra were recorded using Bruker
Avance I11-300, Avance IT11-400 or Avance II-500 NMR spectrometers. 'H
and C{'H} and “"C-DEPTQ NMR chemical shifts (0) are reported in
ppm downfield from tetramethylsilane and calibrated using the solvent
peaks. *'P NMR chemical shifts are reported in ppm downfield from
H;PO, and referenced to an external 85 % solution of phosphoric acid in
D,0. IR spectra were recorded on a Nicolet FT-IR spectrophotometer.
Mass spectra were recorded on a Micromass Platform LCZ 4000, in the
Electro Spray Ionization (ESI) mode. Elemental analyses were per-
formed on a Thermo Finnigan Italia S.p.A-FlashEA 1112 CHN Elemen-
tal Analyzer.

General Procedure for catalytic hydrogenation: A 90 mL Fischer—Porter
tube was charged under nitrogen with catalyst 1 (0.0025 mmol), ethanol
(3 mL), ketone (5 mmol) and m-xylene (1 mmol). The nitrogen present
in the tube was replaced by hydrogen and the tube was pressurized with
hydrogen (4.1 atm). The solution was stirred at 40°C for the specified
time (Table 2) and the extent of conversion to the corresponding alcohols
was determined by GC analysis with m-xylene as internal standard, using
a Carboxen 1000 column on a HP 690 series GC system.

[(iPr-PNP)FeH(CO)(BH,)] (1): [(iPr-PNP)Fe(CO)Br,] (194.9 mg,
0.334 mmol) was suspended in EtOH (12mL) and NaBH, (66.0 mg,
1.745 mmol, 5.2 equiv) was added in one portion. After stirring at ambi-
ent temperature for 3 h, a red solution was obtained. The solvent was re-
moved in vacuo, C¢gHy (10 mL) was added and the mixture was filtered
through Celite. The filtrate was concentrated in vacuo and the resulting
reddish-brown residue was washed with pentane to give a yellow solid
(102.8 mg, 70%). '"HNMR (300 MHz, C,Ds, 25°C): 6=6.66 (t, *J(H,H)
=7.6 Hz, 1H, pyrdine-H,), 6.38 (d, *J(H,H)=7.6 Hz, 2H, pyridine-H;5),
3.62 (dvt, 2J(H,H)=13.2 Hz, >J(H,P)=3.2 Hz, 2H, CHHPIPr,), 2.92-2.74
(m, 2H +2H, overlapped PCH(CHj;), and CHHP:Pr,), 2.05-1.90 (m, 2H,
PCH(CHS,),), 1.49 (dd, *J(H,P)=15.4 Hz, *J(HH)=73 Hz, 6H, PCH-
(CHs),), 1.23 (dd, *J(H,P)=12.8 Hz, *J(H,H)=7.2 Hz, 6H, PCH(CH,),),
1.17 (dd, *J(H,P) =15.6 Hz, *J(H,H)=7.1 Hz, 6H, PCH(CH),), 0.76 (dd,
3J(H,P)=13.8 Hz, >J(H,H) =6.7 Hz, 6H, PCH(CHS),), —2.29 (br, 4H, Fe-
HBH;), —16.62ppm (t, 2/(HP)=50.8 Hz, 1H, Fe-H); *'P{'H} NMR
(161 MHz, C¢Dg, 25°C): 0=93.57 ppm (s); “C{'H} NMR (126 MHz,
CDg, 25°C): §=222.7 (dt, *J(C,P)=26.0 Hz, J(C,H)=18.9 Hz, Fe-CO),
163.6 (vt, 2J(C,P)=7.2 Hz, pyridine-C,), 134.9 (s, pyridine-C,), 119.0 (vt,
*J(C,P)=5.1 Hz, pyridine-Css), 40.2 (vt, 'J(C,P)=7.8 Hz, CH,PiPr,), 28.2
(vt, J(C,P)=9.9 Hz, PCH(CH,),), 252 (vt, J(C,P)=13.4 Hz, PCH-
(CHy),), 25.1 (vt, 'J(CP)=13.7 Hz, PCH(CH,;),), 20.0 (vt, 2J(C,P)=
1.3 Hz, PCH(CH,),), 192 (vt, 2J(C,P)=2.6 Hz, PCH(CH,),), 18.5 (s,
PCH(CHs,),), 18.43 ppm (s, PCH(CH,),); 'H NMR (400 MHz, CD,OD,
25°C): 0=7.48 (t, *J(H,H)=7.9 Hz, 1H, pyridine-H,), 7.23 (d, *J(H,H)=
7.9 Hz, 2H, pyridine-Hj;), 3.74 (dvt, 2J(H,H) =16.6 Hz, 2J(H,P)=3.6 Hz,
2H, CHHPIPr,)), 3.64 (dvt, *J(HH)=123Hz, %J(HP)=48Hz, 2H,
CHHPIPr,), 2.78-2.64 (m, 2H, PCH(CH,),), 2.52-2.38 (m, 2H, PCH-
(CHa),), 1.45 (dd, *J(H,P)=14.8 Hz, *J(H,H)=7.1 Hz, 6 H, PCH(CH,),),
1.40 (dd, *J(H,P)=12.7 Hz, *J(H,H)=6.9 Hz, 6 H, PCH(CH,),), 1.21 (dd,
3J(H,P)=15.5 Hz, *J(H,H) =6.9 Hz, 6 H, PCH(CH),), 0.93 (dd, *J(H,P) =
13.9H, *J(H,H)=6.9 Hz, 6H, PCH(CH,),), —3.19 (br, 4H, Fe-HBH,),
—17.63 ppm (t, 2/(H,P)=522 Hz, 1H, Fe-H); *P{'H} NMR (161 MHz,
CD,0D, 25°C): 0=94.57ppm (s); 'HNMR (400 MHz, [Dg]ethanol,
25°C): 6=17.47 (t, *J(H,H)=7.6 Hz, 1 H, pyridine-H,), 7.24 (d, *J(H,H)=
7.6 Hz, 2H, pyridine-H;;), 3.65-3.48 (superimposed by residual solvent
peak, 4H, CHHPiPr, and CHHPiPr,), 2.82-2.66 (m, 2H, PCH(CH,),),
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2.50-2.38 (m, 2H, PCH(CH,),), 1.46 (dd, 3J(H,P)=153 Hz, *J(H,H)=
7.82 Hz, 6H, PCH(CHS),), 1.40 (dd, *J(H,P)=13.1 Hz, *J(H,H)=7.5 Hz,
6H, PCH(CH,),), 122 (dd, *J(HP)=159Hz, *J(H,H)=73Hz, 6H,
PCH(CHa),), 0.95 (dd, *J(H,P)=13.4 Hz, *J(H,H)=6.7 Hz, 6H, PCH-
(CH,),), —3.14 (br, 4H, Fe-HBH.,), —17.48 ppm (t, 1 H, 2J(PH)=51.8 Hz,
Fe-H); IR (thin film): 7=2318 (m, vgy), 2269 (m, vgy), 2028 (br, vgy),
1916 (s, vco), 1052 ecm™ (s, Ops); ESI-MS (pos.): miz (%): 424.13 (50)
[M*—BH,]; elemental analysis calcd (%) for C,yH,BFeNOP,: C 54.70,
H 9.18, N 3.19; found: C 54.27, H 9.14, N 3.26.

[(iPr-PNP)FeH(BH,)] (2): FeBr, (21.6 mg, 0.10 mmol) and iPr-PNP
(34.0 mg, 0.10 mmol) were dissolved in a mixture of MeCN (3 mL) and
EtOH (3 mL), to give a pale red-orange solution. After 30 min, NaBH,
(15.0 mg, 0.40 mmol) was added in one portion. Gas evolution took place
and the color of the solution turned immediately to deep red. After 2 h
of stirring at ambient temperature the solvent was removed in vacuo.
Pentane (10 mL) was added to the residue, the mixture was filtered and
the solvent of the resulting filtrate was removed in vacuo, to yield pure 2
as a dark red solid (34.3 mg, 83%). '"H NMR (400 MHz, C¢Ds, 25°C): 0 =
6.41 (t, *J(H,H)=7.4 Hz, 1H, pyridine-H,), 6.18 (d, 2H, *J(H,H)=7.4 Hz,
pyridine-H;5), 4.95 (brd, 2H, FeH,BH,), 3.07-2.85 (m, 4H+2H,
CH,PiPr, + PCH(CHs;),), 2.25-2.10 (m, 2H, PCH(CH;),), 1.40-1.24 (m,
18H, PCH(CH,),), 1.09 (dd, *J(H,P)=13.1 Hz, *J(H,H)=6.8 Hz, 6H,
PCH(CH;),), —9.63 (br, 1H, FeHHBH,), —18.18 (t, ?/(H,P)=56.3 Hz,
1H, Fe-H), —28.67 ppm (br, 1H, FeHHBH,); *'P{'H} NMR (162 MHz,
C¢Dg, 25°C): 6=97.68 ppm (s); “C{'"H} NMR (101 MHz, C(D, 25°C)
0=167.1 (t, 2J(C,P)=6.6 Hz, pyridine-C,), 129.3 (s, pyridine-C;), 116.8
(t, *J(C,P)=4.7 Hz, pyridine-Cs5s), 38.6 (t, 'J(C,P)=6.6 Hz, CH,PiPr,),
24.4 (t, 'J(C,P)=11.3 Hz, PCH(CHa),), 23.6 (t, 'J(C,P)=5.7 Hz, PCH-
(CHs),), 19.3 (t, 2J(C,P)=3.4 Hz, PCH(CHs,),), 19.1 (s, PCH(CHa),), 18.6
(s, PCH(CHj;),), 182 ppm (s, PCH(CHj;),); IR (thin film): #=2387 (s,
Vs 2322 (s, Vi), 1818 (br, vpy), 1189 cm™ (s, dgy); ESI-MS (pos.): m/
z (%): 396.16 (100) [M*—BH,]; elemental analysis caled (%) for
CoH,BFeNP,: C 55.51, H 9.81, N 3.41; found: C 54.89, H 9.74, N 3.42.
trans-| (iPr-PNP)Fe(H),(CO)] (4a) and cis-[(iPr-PNP)Fe(H),(CO)] (4b):
[(iPr-PNP)FeH(CO)(BH,)] (1) (16.0 mg, 0.036 mmol) was dissolved in
C¢Dy or [Dgltoluene (0.5mL) and PhNH, (3.4 mg, 0.036 mmol) was
added. The reaction mixture was allowed to stand at ambient tempera-
ture for 5d, during which the color of the solution became reddish-
brown. The solution contained a mixture of two complexes in approxi-
mately 1:1 ratio, which were identified as trans-[(iPr-PNP)Fe(H),(CO)]
(4a) and cis-[(iPr-PNP)Fe(H),(CO)] (4b). Both complexes are difficult
to manipulate and undergo decomposition in vacuo. All attempts to pre-
cipitate or crystallize either complex from the reaction mixture were to
no avail owing to their intrinsic solubility in common organic solvents.
For this reason both complexes were characterized in solution by multi-
nuclear NMR spectroscopy and assignments are based on 'H,*’P-HMQC,
'H-COSY, 'H,”C-HSQC and 'H,”C-HMBC NMR. The IR spectrum of
the mixture measured as a thin film exhibits only one band for the CO
vibration. IR (thin film): #=1870 cm™' (CO).

NMR data for trans-[(iPr-PNP)Fe(H),(CO)] (4a): 'HNMR (400 MHz,
C¢Dy, 25°C): 0=6.58 (t, *J(H,H)=7.5 Hz, 1H, pyridine-H,), 6.33 (d, *J-
(H.H)=7.5Hz, 2H, pyridine-H;s), 2.95 (br s, 4H, CH,PiPr,), 2.17-2.04
(m, 4H, PCH(CH,),), 1.40 (dd, *J(H,P)=14.7 Hz, *J(H,H)=7.0 Hz, 12H,
PCH(CH,),), 1.11 (dd, *J(H,P)=12.9 Hz, *J(H,H)=6.9 Hz, 12H, PCH-
(CHy),), —727ppm (t, %J(H,P)=40.3 Hz, 2H, Fe-H); *'P{'H} NMR
(162 MHz, C¢Dy, 25°C): 6 =120.06 ppm (s); selectively decoupled *'P{'H}
NMR (162 MHz, C¢D,, 25°C): 6=120.07 ppm (t, *J(PH)=36.2 Hz);
BC{'H} NMR (101 MHz, C¢Dy, 25°C): 6=225.9 (t, 2J(C,P)=27.0 Hz, Fe-
CO); 163.6 (vt, %J(C,P)=6.2 Hz, pyridine-C,5), 132.0 (s, pyridine-C,),
117.9 (vt, *J(C,P)=4.8 Hz, pyridine-Cs5), 39.2 (vt, J(C,P)=7.1 Hz,
CH,PiPr,), 26.6 (vt, 'J(C,P)=10.9 Hz, PCH(CH,),), 19.2 (s, PCH(CH,),),
18.2 ppm (s, PCH(CHj;),).

NMR data for cis-[(iPr-PNP)Fe(H),(CO)] (4b): 'HNMR (400 MHz,
CDq, 25°C): 6=6.64 (t, *J(H,H)=7.5 Hz, 1H, pyridine-H,), 6.42 (d, *J-
(HH)=7.5Hz, 2H, pyridine-H;s), 3.06-2.87 (superimposed, 4H,
CH,PiPr,), 2.31-2.16 (m, 2H, PCH(CH;),), 1.99-1.85 (m, 2H, PCH-
(CH,),), 1.32 (dd, 3J(H,P)=14.1 Hz, 3J(H,H)=7.1 Hz, 6H, PCH(CH,),),
1.29-1.18 (m, 12H, PCH(CH,),), 0.96 ppm (dd, *J(H,P)=13.6 Hz, *J-
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(H,H)=6.8 Hz, 6H, PCH(CH,),); the two hydrogen atoms bound to the
metal center are not observable at room temperature; '"H NMR
(500 MHz, [Dgltoluene, —60°C): 0=-6.43 (td, YJ(H,P)=54.0 Hz, J-
(H,H)=13.7 Hz, 1H, Fe(CO)HH), —18.65 ppm (td, *J(H,P)=46.9 Hz, J-
(H,H)=13.7Hz, 1H, Fe(CO)HH); 'HNMR (500 MHz, [Ds]toluene,
90°C): 6=-12.95ppm (br, 2H, Fe(CO)HH); *'P{'H} NMR (162 MHz,
C¢Dy, 25°C): 6=116.86 ppm (s); “C{'"H} NMR (101 MHz, C,D,, 25°C):
0= 223.0 (t, 2J(C,P)=14.9 Hz, Fe-CO), 162.6 (vt, 2J(C,P)=7.5 Hz, pyri-
dine-C,), 131.3 (s, pyridine-C,), 117.7 (vt, *J(C,P) =4.4 Hz, pyridine-C;5),
42.5 (vt, 'J(C,P)=6.6 Hz, CH,PiPr,), 29.2 (vt, 'J(C,P)=9.1 Hz, PCH-
(CH,),), 26.8 (vt, 'J(C,P)=12.8 Hz, PCH(CHj,),), 19.5 (br, PCH(CHj;),),
18.7 (s, PCH(CHs;),), 18.6 ppm (s, PCH(CHs),).
[(iPr-PNP)Fe(H)(CO)(DOCD;](PFs) (5-CD;0D): [(iPr-PNP)Fe(H)(-
CO)Br] (20.0 mg, 0.04 mmol) and TIPFg (14.0 mg, 0.04 mmol) were sus-
pended in CD;OD (1 mL). A white precipitate of TIBr was formed im-
mediately. After 30 min the mixture was filtered through a syringe filter
to give an orange solution. The coordinated CD;OD is labile and maybe
removed from the iron center in vacuo or displaced by addition of other
donor ligands. In addition, complex 5-CD;OD slowly decomposes in alco-
holic solvents as described below. For this reason complex 5-CD;OD was
characterized in solution by multinuclear NMR spectroscopy. '"H NMR
(500 MHz, CD,0D, 25°C): 6=7.77 (t, *J(H,H)=7.7 Hz, 1H, pyridine-
H),), 7.50 (d, *J(H,H)=7.7 Hz, 2H, pyridine-H;;s), 3.82 (dvt, 2/(H,H)=
17.3 Hz, *J(H,P)=5.0 Hz, 2H, CHHPiPr,), 3.71 (dvt, 2/(H,H)=17.3 Hz,
%J(H,P)=3.4 Hz, 2H, CHHPiPr,), 2.52-2.40 (m, 4H, PCH(CHj;),), 1.49
(dd, *J(H,P)=14.1 Hz, *J(H,H)=7.2 Hz, 6H, PCH(CH,),), 1.43 (dd, *J-
(H,P)=13.4 Hz, *J(H,H)=7.1 Hz, 6H, PCH(CH,),), 1.18 (dd, *J(H,P)=
15.9 Hz, *J(H,H)=7.0 Hz, 6H, PCH(CHj),), 0.88 (dd, *J(H,P)=14.1 Hz,
*J(H,H)=6.9 Hz, 6H, PCH(CH;),), —25.65ppm (t, *J(H,P)=54.2 Hz,
1H, Fe-H); 'H{'P} NMR (500 MHz, CD;0D, 25°C): 6=7.80 (t, *J-
(H,H)=7.7 Hz, 2H, pyridine-H,), 7.53 (d, *J(H,H)=7.7 Hz, 2H, pyri-
dine-H;5), 3.85 (d, 2J(H,H) =17.6 Hz, 2H, CHHPiPr,), 3.73 (d, “/(H,H) =
17.6 Hz, 2H, CHHPiPr,), 2.54-2.42 (m, 4H, PCH(CH,),), 1.52 (d, *J-
(H,H)=7.3 Hz, 6H, PCH(CH,),), 1.46 (d, *J(H,H)=7.1 Hz, 6H, PCH-
(CH,),), 1.20 (d, *J(H,H)=6.9 Hz, 6H, PCH(CHS,),), 0.91 (d, *J(H,H)=
6.8 Hz, 6H, PCH(CH;),), —25.62ppm (s, 1H, Fe-H); *'P{'"H} NMR
(162 MHz, CD;0D, 25°C): 0=88.13 (s, P-Fe-P), —141.44 ppm (sept, 'J-
(PF)=707.7 Hz, PF;); ESI-MS (pos., CH;OH): m/z (%): 456.08 (5) [M*
], 452.15 (100) [{(iPr-PNP)FeH(CO),}*, decomp prod.], 378.15 (25) [{iPr-
PNP+K}*, decomp prod.], 362.18 (30) [{{Pr-PNP+Na}*, decomp prod.];
ESI-MS (neg., CH;OH): m/z (%): 144.84 (100) [PFs].
[(iPr-PNP)Fe(H)(CO)(DOCD,CD;](PFy) (5-CD;CD,0D): [(iPr-
PNP)Fe(H)(CO)Br] (20.0mg, 0.04 mmol) and TIPF, (14.0mg,
0.04 mmol) were suspended in [Dg]ethanol (1 mL). A white precipitate of
TIBr was formed immediately. After 30 min the mixture was filtered
through a syringe filter to give an orange solution. Complex 5-
CD;CD,OD is less stable than 5-CD;OD and decomposes much faster.
'HNMR (500 MHz, [Dglethanol, 25°C): 6=7.77 (d, *J(H,H)=7.1 Hz,
2H, pyridine-H,), 7.54 (d, *J(H,H)=7.1 Hz, 2H, pyridine-H;;), 3.88 (d,
2J(H,H)=15. 4Hz, 2H, CHHPiPr,), 3.72 (d, “/(H,H)=15.4Hz, 2H,
CHHPiPr,), 2.56-2.40 (m, 4H, PCH(CH,),), 1.57 (dd, *J(H,P)=
13.6 Hz,=7.0 Hz, 6H, PCH(CH,),), 1.44 (dd, *J(H,P)=12.1Hz, *I-
(H,H) =6.6 Hz, 6H, PCH(CH,),), 1.19 (dd,=15.6, *J(H,H)=7.1 Hz, 6H,
PCH(CH,),), 0.88 (dd, *J(H,P)=16.0 Hz, *J(H,H)=8.4 Hz, 6H, PCH-
(CHs),), —25.59 ppm (t, JJ(H,P)=544 Hz, 1H, Fe-H); *P{'H} NMR
(162 MHz, [DgJethanol, 25°C): 6 =85.88 (s, P-Fe-P), —141.31 ppm (sept,
LJ(PF)=709.2 Hz, PF¢); ESI-MS (pos., CH;CH,OH): m/z (%): 470.10
(30) [M™], 452.15 (80) [{(iPr-PNP)FeH(CO),}*, decomp prod.], 378.15
(100) [{{Pr-PNP+K}*, decomp prod.]; ESI-MS (neg., CH;CH,OH):
144.84 (100) [PF47].

When the above reaction was performed in EtOH, followed by evapora-
tion of the solvent, an orange brown solid was obtained, which was in-
soluble in non-polar organic solvents, but formed a yellow solution in
acetone. The '"HNMR showed a slightly shifted hydride signal at 0=
—22.98 ppm together with the byproducts, which were also observed in
alcoholic solvents (see below). It is likely that the coordinated EtOH is
replaced by acetone under these conditions. Although free ethanol could
not be detected by '"H NMR spectroscopy, it is likely that it was removed
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in vacuo. '"H NMR (400 MHz, [Dg]acetone, 25°C): 6=7.89 (t, *J(H,H)=
7.7 Hz, 1H, pyridine-H,), 7.61 (d, *J(H,H)=7.7 Hz, 2H, pyridine-H;5),
3.87 (dvt, 2J(H,H)=17. 7 Hz, *J(H,P)=4.6 Hz, 2H, CHHPiPr,), 3.80 (dvt,
2J(H,H)=17.7 Hz, ?J(H,P)=3.5 Hz, 2H, CHHPiPr,), 2.60-2.48 (m, 2H,
PCH(CHs;),), 2.44-2.32 (m, 2H, PCH(CH,;),), 1.34-1.23 (m, 12H, PCH-
(CH5),), 1.11 (dd, *J(H,P)=13.6 Hz, *J(H,H)=7.0 Hz, 6H, PCH(CH),),
0.99 (dd, *J(H,P)=143Hz, *J(HH)=6.8Hz, 6H, PCH(CH,),),
—22.98 ppm (t, 2J(H,P)=513 Hz, 1H, Fe-H). 'H{*P} NMR (400 MHz,
[DgJacetone, 25°C): 6=7.89 (t, *J(H,H)=7.7 Hz, 1H, pyridine-H,), 7.61
(d, *J(H,H)=7.7 Hz, 2H, pyridine-H;;), 3.87 (d, 2J(H,H)=17.3 Hz, 2H,
CHHPIPr,), 3.80 (d, 2(HH)=17.3 Hz, 2H, CHHPiPr,), 2.60-2.47 (m,
2H, PCH(CH,),), 1.30 (d, *J(H,H)=7.4 Hz, 6H, PCH(CH,),), 2.30-2.45
(m, 2H, PCH(CH,),), 1.27 (d, *J(H,H)=6.8 Hz, 6H, PCH(CH,),), 1.11
(d, 3J(H,H)=7.3 Hz, 6H, PCH(CH,),), 0.99 (d, *J(H,H)=6.8 Hz, 6H,
PCH(CH;),), —22.98ppm (s, 1H, Fe-H). *P{'H} NMR (162 MHz,
[Dglacetone, 25°C): 6=94.76 (s, P-Fe-P), —141.08 ppm (sept, 'J(PF)=
707.2 Hz, PF).

After approximately 3—4 h in CD;OD a significant amount of a new com-
plex was observed in the 'H and *'P{'H} NMR spectra. This complex
gives rise to a triplet of doublets at = —11.66 ppm in the '"H NMR spec-
trum for the hydride ligand (3/(H,P) =62.8 Hz, J(H,P) =37.2 Hz) and was
correlated to a triplet resonance at 6=>51.82 ppm and a doublet reso-
nance at 0==80.84 ppm in the *'P{'H} NMR (J(P,P)=15.1 Hz) spectrum.
The pattern of the signals in the *'P{'"H} NMR spectrum together with
the pattern of the hydride ligand in the 'H NMR spectrum suggests that
an ancillary phosphine ligand is bound to the iron center, in addition to
the iPr-PNP ligand. The nature of this complex is not clear.

Reaction of [(iPr-PNP)FeH(CO)(BH,)] with PhCHO and PhC(O)Me:
As the H/D exchange of the hydride and partial exchange of the benzylic
positions in the ligand are competitive in all the reactions investigated,
benzaldehyde was used to generate the active species in spite of the low
catalytic activity of 1 in the hydrogenation of this substrate. Generation
of the active species using benzaldehyde is significantly faster than with
acetophenone, allowing for characterization by 2D-NMR spectroscopy.
The corresponding reactions with acetophenone were always used for
comparison.

The following procedure was representative for the performed NMR ex-
periments: [(iPr-PNP)FeH(CO)(BH,)] (1) (4.4 mg, 0.01 mmol) was sus-
pended in CD;OD (0.5mL) and 1 equivalent of benzaldehyde (1.1 mg,
0.01 mmol) was added, followed by immediate analysis by NMR spec-
troscopy. Initially, three complexes were observed: the starting material
[(iPr-PNP)FeH(CO)(BH,)] (1), a complex with a triplet signal at d=
—1839 ppm for the hydride ligand and a broad resonance at o=
—5.71 ppm in the "H NMR spectrum (1a) and the cationic complex [(iPr-
PNP)Fe(H)(CO)(DOCD;](PF;) (5-CD;0D) described above.

NMR data for 1a: '"HNMR (400 MHz, CD;0D, 25°C): 6=7.91 (over-
lapped m, 1H, pyridine-H,), 7.58 (overlapped m, 2H, pyridine-H;s), 3.79
(superimposed, 2H, CHHPiPr,), 344 (d, *J(HH)=14.5Hz, 2H,
CHHPiPr,), 2.45 (m, 2H, PCH(CH,),), 2.18 (m, 2H, PCH(CH,),), 1.42
(overlapped m, 6 H, PCH(CH,),), 1.18 (overlapped m, 12H, PCH(CH),),
0.89 (overlapped m, 6H, PCH(CH;),), —5.71 (br, 4H, Fe-HBH;),
—1839 ppm (t, (H,P)=553 Hz, 1H, Fe-H); *'P{'H} NMR (162 MHz,
CD;0D, 25°C): 6=89.58 ppm (s).

'H NMR measurements at different temperatures: The broad signal of
the starting complex 1 started to attenuate at 243 K and was split into
a broad three-proton resonance at 0 =0.06 ppm and a broad one-proton
resonance at 6 = —13.24 ppm, which was consistent with a n'-coordination
mode of the tetrahydridoborate ligand. The broad resonance at 0=
—5.71 ppm of the tetrahydridoborate ligand in the newly formed complex
(1a) started to attenuate at lower temperature at around 230 K and only
at 178 K did a broad resonance at 0 =—11.62 ppm for the bridging hydro-
gen atom appear again, while the reappearing three proton resonance of
the terminal tetrahydridoborate hydrogen atoms was superimposed by
the signal of complex 1.

NMR data for 6b-CD;OD: 'HNMR (400 MHz, CD;0D, 25°C): 6=
—6.39 ppm (t, 2/(H,P)=44.9 Hz 1H, Fe-H); *P{'H} NMR (162 MHz,
CD;0D, 25°C): 6=98.98 ppm (s).
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NMR data for 6a-CD;CD,OD: '"H NMR (400 MHz, [Dg]ethanol, 25°C):
0=-22.97 ppm (dd, *J(H,P)=61.3 Hz, J(H,P)=472Hz, 1H, Fe-H);
*'P{'H} NMR (162 MHz, [Dg]ethanol, 25°C): =113.46 and 117.66 ppm
(AB spin system, %J(P,P) = 143.6 Hz).

NMR data for 6b-CD;CD,0OD: 'H NMR (400 MHz, [D¢]ethanol, 25°C):
0=-6.40 (t, 2J(H,P)=43.6 Hz, 1 H, Fe-H) ppm. *'P{'"H} NMR (162 MHz,
[DgJethanol, 25°C): 6=99.10 ppm (s).

Computational Details

All calculations were performed using Gaussian 09 (Revision B.01).**!
Two DFT exchange-correlation functionals were used. The first is the
Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation
(GGA) functional.’” This was used for geometry optimizations. The
second is Adamo and Barone’s hybrid version of this functional (PBEO,
also known as PBEh or PBE1PBE),*) which was used for energy and
solvation calculations.

Two basis set-RECP (relativistic effective core potential) combinations
were used. The first, denoted SDD(d), is the combination of the Huzina-
ga-Dunning double-g basis set™ on lighter elements with the Stuttgart-
Dresden basis set-RECP combination!®! on transition metals; polariza-
tion functions (i.e., the D95(d) basis set) was used on second-row (i.e.,
phosphorus) atoms. The second is the Dunning cc-pVDZ basis set?®!
(using the built-in cc-pVDZ basis set in Gaussian 09 for Fe). Geometry
optimizations and frequency calculations were carried out using the
former basis set while the energetics of the reaction were calculated at
these geometries with the latter basis set.

When using the PBE functional, density fitting basis sets, specifically the
fitting sets generated using the automatic generation algorithm imple-
mented in Gaussian 09, were used in order to speed up the calcula-
tions.*!

The accuracy of the DFT method was improved by adding the empirical
dispersion correction as recommended by Grimme.® The older version
(DFTD2)P%! is available, with analytical gradients and Hessians, in Gaus-
sian 09 and was used during geometry optimizations and frequency calcu-
lations; our version of Gaussian 09 was locally modified to allow for its
use for any DFT functional rather than just the limited set included in
the commercially available version. The newer, and more accurate,
DFTD3 version®®! was used as an a posteriori correction to the PBE0
energies obtained from Gaussian 09; a locally modified version of the
stand-alone program written by Grimme was used."”!

Bulk solvent effects were approximated by single point energy calcula-
tions using a polarizable continuum model (PCM), specifically the inte-
gral equation formalism model (IEF-PCM)P%***! with ethanol as the sol-
vent as in the experiments. Specifically, Truhlar’s empirically parameter-
ized version Solvation Model Density (SMD) was used.“"

Geometries were optimized using the default pruned (75302) grid, while
the “ultrafine” (i.e., a pruned (99590)) grid was used for energy and sol-
vation calculations.
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Efficient Hydrogenation of Ketones

0.05 mol% [Fe]

ﬂ\ 4.1 atm H, OH
R'” "R? EtOH, 40 °C R "R2

TON up to 1980

An excellent catalyst for the hydroge-
nation of ketones under mild and
base-free conditions has been obtained
with the new hydrido tetrahydrido
complex [(iPr-PNP)Fe(H)(CO)(BH,)].
Detailed NMR investigations indicate
that the tetrahydridoborate ligand has

[Fe] =

to dissociate prior to ketone reduction.
Based on DFT calculations a mecha-
nism involving concerted ketone coor-
dination and dual hydrogen transfer
from the PNP arm and the coordinated
ethanol to the ketone is indicated.
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