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ABSTRACT: A new family of air-stable Re and Mn complexes

bearing bidentate NNS (ENENES) ligands with the general formula

E(CH,),NH(CH),SR (E = -NC,HO or —-NCH,;, R = Ph or ¥ /“
thiophenyl) is introduced. All Re and Mn complexes were catalysts for

the hydrogenation of aldehydes. The Mn catalysts were active at milder o
conditions. A rhenium—hydride complex, featuring cis Re—H and N—
H moieties, was isolated to provide an insight into the mechanism for
this reaction. DFT (B3PW91-D3) and experimental data suggest that
there are two pathways for this system, with and without the presence of the base (t+-BuOK). The pathway that included +-BuOK was
lower in energy, providing a greater driving force for the overall reaction.
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B INTRODUCTION

The hydrogenation of carbonyl derivatives is one of the most
fundamental and widely employed catalytic reactions.' Catalytic

Chart 1. Selected Examples of ENENES Complexes (a,b),
Mn(I) Precatalysts with a Labile Phosphine Arm (c), and
Complexes Used in This Work (d).

methods are more cost-effective and cleaner (minimize waste) T
compared to methods that employ stoichiometric reducing o (\N/\ b) - _\ Br
agents such as lithium aluminum hydride and sodium E | S
borohydride." Most metal complexes employed in the catalytic TTRUTTN N\M

: SN R AN
hydrogenation of carbonyl derivatives are based on noble metals cl 'LR cl CO
such as ruthenium, iridium, and rhodium.” Typically, the 3 CO CO

R=Ph, Cy

strategy employed for the activation of substrates involves an
oxidative addition/reductive elimination pathway and therefore
relies on the availability of stable oxidation states, on the metal
center, one or two electrons higher. However, the strategy of
metal ligand cooperativity (MLC) has been utilized where both
the transition metal and the ancillary ligand participate in the

R =t-Bu, Bn, and Et
Srimani, 2019

R'=Ph, Bn, Me or part of a
thiophenyl fragment

E = N(C,Hg), N(CH,),,
N(C4Hg)O

Gordon, 2015

ey

activation of the substrate.”~"” These strategies allow for the use ©) —l PFs E \ —~X
of catalysts that involve transition metals, where a two-electron H |
redox couple may not be available. Results"'>"*™*° for the |

hydrogenation of difficult substrates such as esters and amides Nr\ N

are promising for some catalytic systems that employ this [ >\ \ —_PPh M= Re, Mn
strategy. However, it is important to explore other systems with 1 Mn 2 X =Cl, Br, OTf

different transition metals.

R =Phor partof a
thiophenyl fragment

Transition metal complexes in group 7 such as rhenium and E = -NCgHyo, -
manganese have not been as popular as catalysts for the Pidko, 2021 NC,4Hz0
hydrogenation of carbonyl compounds.”' However, in the case This work

of manganese, there has been intense research since 2016, and
this field has been evolving rapidly with several promising ligand
systems.”'**7*° The work in this manuscript was inspired by a
report by the Gordon group in 2015 about a new class of NNS
ligands (ENENES).® In that report, several ENENES ligands
and the corresponding ruthenium and iridium complexes were
synthesized and used as catalysts for homogeneous hydro-
genation of carbonyl compounds (Chart 1a).
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This report led us to explore the synthesis of ENENES Re and
Mn complexes. Unexpectedly, the sulfur arm was not
coordinated with the metal center (Chart 1d), unlike a similar
series of Min complexes reported by Srimani (Chart 1b).** In the
work reported by the Pidko group (Chart 1¢),”” the high activity
for the catalytic hydrogenation of carbonyl compounds was
proposed to be the result of the very unique phosphine
hemilability of the ligand, which results in an unusual pathway
for known Mn complexes where the loss of a CO ligand was not
needed to form the hydride complex in the active catalyst
(Scheme 1). In this article, since the sulfur arm is not

Scheme 1. Synthesis of the Manganese—Hydride Complex
Reported by Pidko”’

H _] PFg H
j ~
N | KHBEt; ] N | w
[,>\Mn/Pth —— N,>\ n”~ PPhy
N\ | Neo " \ co/ | o
CO ¢o Mes O €O

Mes

coordinated with the metal center, we hypothesized that this
feature can also facilitate a similar mechanism since it will very
likely not be necessary to lose a CO ligand.

Herein, we introduce a new family of Re and Mn complexes
bearing bidentate ENENES ligands of the general formula
E(CH,),NH(CH),SR, where E is either —NC,H;O or
—NCH,, and R is Ph or thiophenyl. Reactions of the ENENES
ligands with Re(CO);Cl and Mn(CO);Br are described, along
with crystallographic studies of these new complexes. DFT
(B3PW91-D3) and experimental data were collected to study
the possible mechanism for the hydrogenation of carbonyl
compounds. Together, these results provide new insights for
pathways for catalytic systems that utilize MLC as a strategy for
the activation of small molecules. In addition, the role of
potassium fert-butoxide, (+-BuOK), which is used as an additive
in many catalytic systems, has been clarified.

B RESULTS AND DISCUSSION

Synthesis and Crystallographic Studies of Well-
Defined Rhenium and Manganese Complexes of
ENENES. The reaction of piperidine and morpholine ENENES
derivatives with Re and Mn complexes of the general formula
M(CO)sX (M = Re and Mn; X = Cl and Br) was investigated to
examine their reactivity as catalysts for the hydrogenation of
carbonyl derivatives. A summary of these reactions is presented
in Scheme 2.

Treatment of Re(I) and Mn(I) precursors with the ENENES
ligands in benzene at 80 °C (16 h) afforded isostructural
K*[N,N’]-bidentate cis-[M'X{x*(N,N’)-ENENES}(CO),] (M =
Re and Mn; X = Cl and Br) complexes Re-1a (white solid,
isolated yield 92.1%), Re-1b (off-white solid, isolated yield
86.5%), Mn-1a (yellow solid, isolated yield 41.4%), Mn-1b
(yellow solid, isolated yield 68.3%), and 2 (off-white solid,
isolated yield 90.4%), respectively. Complexes Re-1a, Re-1b,
Mn-1a, Mn-1b, and 2 are air stable and are characterized by
NMR ('H, BC) spectroscopy, elemental analysis, and X-ray
structural analysis.

X-ray quality crystal structures were obtained by vapor
diffusion of hexane into concentrated solutions of Re-1a, Mn-1a,
and 2 in chloroform. The crystal structures (Figure 1 and
Supporting Information) of these complexes closely resemble
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Scheme 2. Reaction of ENENES Ligands with M(CO) X (M =
Re and Mn; X = Cl and Br) to Produce Precatalysts for

Hydrogenation of Carbonyl Derivatives
¢y
[N

ﬁ.’iﬂé + M(CO)sX
5
E S CgHs, 80 °C E\nlrx

M =Re, Mn

g= N N X =Cl, Br 16h & I
= O [j 2C0 co
0 1
a b

Re-1a: yield 92.1%
Re-1b: yield 86.5%
Mn-1a: yield 41.4%
Mn-1b: yield 68.3%

Cco

H
Ph
N A
Re(CO)sCl + _N S—p, (\N I _cl
[ j CgHg, 80°C, 16 h O\) \/Re\/
o co (‘:o co

2: yield 90.4%

each other—the sulfur arm is not coordinated with the metal
center, and the three carbonyl groups are cis to each other,
featuring a facial (fac) arrangement of the CO ligands with an
octahedral metal center.

Thermal Stability of the ENENES Complexes. Decom-
position tests were performed on the new ENENES complexes.
These tests consisted of heating NMR samples in oil baths at
temperatures 40, 60, 80, 100, and 120 °C for 16 h. As shown in
Figure 2, Re-1b did not decompose at 120 °C.

Both manganese complexes decomposed at 40 °C, which
suggests that any catalysis with these complexes would have to
be performed at lower temperatures (40 °C or below) (Chart 2).
Like Re-1b, Re-1a and 2 did not decompose at 120 °C (Chart
2).

Hydrogenation Activity of the ENENES Complexes.
The catalytic hydrogenation of benzaldehyde with the ENENES
complexes was examined in THF to find the most active catalyst
and the optimal conditions for the hydrogenation reaction. The
results presented in Table 1 indicate that the complex Mn-1b
performed the hydrogenation of benzaldehyde at SO bar of H,
more efficiently than the other ENENES complexes investigated
(entry 4).

Catalyst Re-1b had similar results; however, it required a
slightly higher temperature than 25 °C (entry 2). High yields
were also observed when the pressure of H, was decreased to 40
bar (entry S); however, yields decreased significantly when the
pressure was decreased to 30 and 20 bar (entries 6 and 7,
respectively). Other solvents such as acetonitrile, diethyl ether,
and 1,4-dioxane were tested with catalyst Mn-1b, but they did
not perform, as well as THF (Supporting Information). The
base potassium tert-butoxide, -BuOK, was necessary as a
cocatalyst. Reactions with 10 equiv of +BuOK (entry S) were
more efficient than reactions performed with 2 (entry 8) and S
(entry 9) equiv, respectively, with respect to Mn-1b. Thus, entry
S represents the optimal conditions for the hydrogenation
reactions with Mn-1b, that is, 0.5 Mn-1B, 5 mol % t-BuOK at 40
bar H, pressure and 25 °C.

Mechanistic Investigation. In catalysis, complexes that
have functional groups in the ligand that assist in the activation
of the substrates are typically referred to as bifunctional
catalysts.”® With these catalysts, the usual approach to activate
the precatalyst is to use an excess of a strong base such as t-
BuOK, followed by the addition of H, at high pressure to form a
catalytically active metal hydride intermediate, in
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CHA
Re-la 2

Figure 1. X-ray structures for Re complexes Re-1a and 2. Ellipsoids are at 50% probability level. Hydrogen atoms (except NH) are omitted for clarity.
Selected bond lengths (A) and angles (°) for Re-1a: Rel—Cl1, 2.497(6); Re1—N1, 2.239(3); Re1—N2, 2.309(3); Re1—C14, 1.910(4); Rel—C1S5,
1.921(4); Rel—C16A, 1.856(14); 01—C14, 1.152(5); 02—C15, 1.143(5); O3A—C16A, 1.161(15); C16A—Rel—C14, 89.2(5); C16A—Rel—CI15,
89.0(5); C14—Rel—C15, 87.09(16); C16A—Rel—N1, 93.8(3); C15—Rel—N1, 179.11(15); C16A—Rel—N2, 95.3(2); C15—Rel—N2, 99.67(14);
C16—Rel—Cl1A, 177.5(2); C15—Rel—Cl1A, 94.36(14); N2—Rel—Cl1A, 87.14(10); C14—Rel—Cl1A,91.21(17); and N1—Re1—Cl1A, 85.41(15).
Selected bond lengths (A) and angles (°) for 2: Rel—Cll, 2.4736(7); Re1—N1, 2.316(3); Re1—N2, 2.224(3); Rel—C1S, 1.918(3); Rel—C16,
1.913(3); Rel—C17, 1.901(3); 02—C15, 1.150(4); 03—C16, 1.157(4); 04—C17, 1.161(4); C17—Rel—C15, 89.09(13); C16—Rel—C17,
88.46(13); C15—Rel—C16, 86.72(13); N2—Rel—C17, 93.16(12); N2—Rel—C16, 177.90(11); N1—Rel—C17, 93.22(11); N1-Rel—C16,
99.50(11); Cl1—Rel—C17, 174.60(9); Cl1—Rel—C16, 96.79(9); Cl1—Rel—N1, 84.68(7); Cl1—Rel—C15, 92.46(10); and Cl1—Rel—N2,
81.56(7).

2)25°C Table 1. Hydrogenation of Benzaldehyde with Several
Rhenium and Manganese Catalysts
| J‘ ‘ ) o Re/Mn cat.
| el A B B IV V. t+-BuOK OH
©)LH H2 ©)
THF, 16 h
b) 120 °C
cat. loading additive ~ pressure  temp.  yield
entry catalyst (mol %) (mol %) (bar) ("Cg (%)
1 Re-1a 0.5 S S0 87
il } . 2 Relb 05 5 50 40 95
3 Mn-1la 0.5 N S0 25 81
e 4 Mn-1b 0.5 5 50 25 95
66 62 58 54 50 46 42 38 34 30 26 22 18
Chemical shift (ppm) S Mn-lb 0.5 S 40 25 95
6 Mn-1b 0.5 S 30 25 80
Figure 2. '"H NMR spectra of Re-1b in toluene-dg at (a) 25 and (b) 120 7 Mn-1b 0.5 5 20 25 24
°C. §  Mn-b 05 1 40 25 ND*
9 Mn-1b 0.5 2.5 40 25 20
Chart 2. Thermal Stability of the ENENES Complexes after 10 Re-lb 0.5 s 50 2% 57
16 h. o2 05 s 50 S0 66
12 Re-1b 0.5 N NY 50 >99
H 13*  Re-lb 0.1 1 0 100 16
(\N /\gj (\N /\ej 3 e S
| oS 14— — 5 50 40 14
N— i B (\ ,Br
21N 0 \) I " “ND = not detected. “Reaction was conducted in toluene.
C o C co co co
Mn-1a Mn-1b Scheme 3. Synthesis of 3 from Re-1b

40 °C Decomposed

40 °C Decomposed

N

NN

|/\N CI [ ‘ c|s—Ph KN\ NaHBEt; (1 equiv) N\R _H
Re/ Q\/Re/ \) | \ Toluene, 25°C, 1d o} 21N
2N (o} ™ co Cco
CO ¢co co CO ¢o co co
Re-1b 3
Re-1a 2

120 °C Did not decompose

120 °C Did not decompose

situ, > 0292773032337 Thig hydride intermediate would
then transfer hydrogens to the substrate.

The rhenium complex 3 (Scheme 3) was successfully
synthesized in 78.4% yield. The crystal structure for 3 is
shown in Figure 3 and demonstrates that the chloride ligand has
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been replaced by the hydride ligand, and the facial arrangement
of the carbonyl ligands has been maintained.

The HReNH core of this complex resembles others that have
been used as bifunctional catalysts previously in the literature,
such as those reported by Choualeb et al.”* and the Sortais
group.” The latter complex contrasts with 3 since the hydride in

https://doi.org/10.1021/acs.organomet.2c00261
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Figure 3. X-ray structure for 3. Ellipsoids are at 50% probability level. Hydrogen atoms (except NH and ReH) are omitted for clarity. Selected bond
lengths (A) and angles (°): Rel01—H2, 1.746(10); Rel01-N101, 2.238(6); Rel01—N102, 2.293(7); Rel01—C113, 1.899(8); Rel01—C114,
1.949(6); Rel01—-C115, 1.922(8); 0102—C115, 1.147(10); 0103—C114, 1.147(8); 0104—C113, 1.174(10); C113—Rel01-C114, 89.7(3);
C113—Rel—C115, 86.4(3); C114—Rel—C115, 88.2(3); N101—Rel01—N102, 79.5(2); N101—Rel01—C113, 91.7(3); N102—Rel01—-C113,
169.4(3); N101—Re101—C114, 94.4(3); N102—Rel01—C114, 96.8(3); N101—Rel01—C115, 176.7(3); N102——Re101—C1185, 102.1(3); N101—
Rel01-H2, 86.6(16); N102—Rel01—H2, 83(3); C113—Rel01-H2, 91(3); C114—Rel01—H2, 178.74(10); and C115—Rel01—-H2, 90.7(17).

the Re—H bond and the proton in the N—H bond are anti to
each other and is most likely not the active catalyst.**

To test the participation of 3 in the reaction, the
stoichiometric reaction of 3 with benzaldehyde was performed.
The addition of 1 equiv of benzaldehyde to 3 readily formed the
new rhenium species 4 (Scheme 4). Complex 4 could not be

Scheme 4. Reaction of 3 with 1 equiv of Benzaldehyde in
Toluene-dg

H —~7
KJJ/\TAé Benzaldehyde (1 eq) (\ /\gj

~pa— \/Ph
o} /R|e\ Toluene-dg, 25 °C \) | \
€0 ¢o co 10 min
3 4

isolated, but the "H NMR spectrum (Figure 4) exhibited two
doublets in the characteristic region for a methylene group that
has the two protons in different chemical environments,
suggesting that it is most likely an alkoxide complex.

el N ~ e}

@ ™ ~N N

© © u? ©

J=12.6 Hz , J =126 Hz
g g

=

5.37 5.36 535 5.34 5.33 5.32 531 530 529 528 5.27 526 525 524 523
Chemical shift (ppm)

Figure 4. 'H NMR spectrum of the methylene region of 4.
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This piece of evidence along with COSY, HSQC, and HMBC
spectra (Supporting Information) helped us to tentatively assign
4 as illustrated in Scheme 4.

When complex 3 was used as a catalyst for the hydrogenation
reaction of benzaldehyde without the additive, +-BuOXK catalysis
was poor (Figure S). However, in the presence of +-BuOK, yields
significantly improved.

1r-

—e— 5.0 mol% t-BuOK
—— 2.5 mol% t-BuOK
—— 1.0 mo|% {-BuOK
—e— No base

[Benzyl alcohel] / mmol

0 1 2 3 4 5 6 7
Time (h)

Figure 5. Time profile for hydrogenation of benzaldehyde. Conditions:
[3] = 0.0045 mmol; [+BuOK] = 0.0045 mmol (1.0 mol %), 0.0225
mmol (2.5 mol %), and 0.045 mmol (5.0 mol %); [benzaldehyde] =
mmol at 25 °C. H, pressure = 50 bar. Conversions determined by 'H
NMR spectroscopy by integrating the ratio of the methylene peak in the
alcohol product and the aldehyde peak of the substrate.

This finding suggests that +-BuOXK is part of the catalytic cycle.
To test this hypothesis, we ran two experiments: (1) the catalytic
hydrogenation of benzaldehyde with Re-1b using only 1 equiv of
tBuOK in relation to rhenium and (2) the stoichiometric
reaction of 3 with benzaldehyde in the presence of a
stoichiometric amount of +-BuOK. Experiment 1 (Figure 6)
revealed that without an excess amount of t-BuOK,

https://doi.org/10.1021/acs.organomet.2c00261
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Re-1b (0.5 mol%)

o £-BUOK (0.5 mol%) OH
©)LH Hz (50 bar)
o
Benzaldehyde THF,50°C, 16 h [ j
ND

Benzaldehyde

y
/
m l\ JUL

100 95 90 85 80 5 60 55 50 45 40

7, 70 6.5
Chemical shift (ppm)

Figure 6. '"H NMR spectrum of the catalytic hydrogenation of benzaldehyde with Re-1b and 1 equiv of +BuOK.

H/' /\ Benzaldehyde (1 eq)

a !
) /\ | H s ‘BuOK (1 eq) ©/j‘\H N
- e + 1
/ \ Toluene-dg, 25 °C o. ./
‘/00 ‘ o €O 10 min
3
| |

i~ A~y

b) |/\ 5 = Benzaldehyde (1eq) /\N | J

. Re
/ Toluene-dg, 25 °C
0\/00 co\co 10 mE:n
3

AN N

0\, Ph

o\/CO |\CO

4

5.35 5.30

5.25

5.20 5.15 5.10

Chemical shift (ppm)

Figure 7. "H NMR spectra of the stoichiometric reactions of 3 with benzaldehyde with (a) and without (b) £-BuOK.

benzaldehyde could not be converted to benzyl alcohol. A
similar experiment was performed with the analogous Mn
complex, which behaved as the Re complex Re-1b.

The stoichiometric reaction (experiment 2, Figure 7) resulted
in a singlet in the "H NMR spectrum in the methylene region,
characteristic of benzyl alcohol. This contrasts with the
stoichiometric reaction in the absence of t-BuOK (Scheme 4).
Together, these two experiments show that the base t-BuOK s a
part of the catalytic cycle. Specifically, results suggest that t-
BuOK assists in the release of the product benzyl alcohol since
the stoichiometric reaction of 3 with benzaldehyde in the
absence of base led to the formation of 4.

Based on our experimental results, we propose a possible
reaction mechanism for the homogeneous hydrogenation of
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aldehydes catalyzed by the ENENES complexes of rhenium and
manganese introduced in this study. The ligand backbone in the
precatalyst, in the presence of the base #BuOK, is likely
deprotonated to form A (Scheme 5).

Once formed in situ, A splits dihydrogen heterolytically by
metal ligand cooperativity (MLC), generating the hydride
complex B. Two pathways are proposed for the reaction of B
with the carbonyl substrate. In path I, the introduction of
benzaldehyde forms the alkoxide complex C, which then will go
through a transition state to transfer the proton from the N—H
bond to the nucleophilic oxygen of benzaldehyde. The

dissociation of the product regenerates A.
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Scheme S. Proposed Reaction Mechanism for the ENENES
Re-Catalyzed Hydrogenation of Aldehydes to Alcohols”
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”Energies from DFT (B3PW91-D3) calculations are reported in kcal/

mol; the nitrogen moiety indicates that it can either be morpholine or
piperidine.

In path II, t-BuOK initially interacts with benzaldehyde to
form an adduct that reacts with B to form D. The product is
released from D to regenerate A and -BuOK.

DFT Calculations. To examine these pathways, we
employed DFT (B3PW91-D3) calculations. Figure 8 shows
the calculated pathways for Re-1a. The calculated free energy
pathway is consistent with the experimental results and shows
that TS1, that is, the heterolytic splitting of the dihydrogen
molecule, is the turnover limiting step (24.7 kcal/mol). This
step produces B which then reacts with benzaldehyde to
generate the desired product, benzyl alcohol, and regenerate the
active catalyst (Int-5) via TS2 (4.7 kcal/mol) and TS4 (—3.7
kcal/mol).

In path II, B interacts with an adduct of benzaldehyde and ¢-
BuOK to generate Int-2. This intermediate goes through a
transition state TS3 (2.2 kcal/mol) to form D, which will then
have the hydride on the metal center transferred to the
electrophilic carbon on benzaldehyde (Int-4). The following
transition state TS5 (—S.1 kcal/mol) leads to the desired
product benzyl alcohol with the regeneration of the active
catalyst (Int-6).

The two major differences in the two pathways are the driving
force for the overall reaction and the activation barrier necessary
to release the product. In path II, the overall reaction is
significantly more downhill (—34.6 kcal/mol) than path I (—5.0
kcal/mol), and the activation barrier for product release for
pathway I is 14.7 kcal/mol while for pathway II is 1.6 kcal/mol.
Thus, it appears that +-BuOXK assists in the release of the organic
product benzyl alcohol. DFT structures (see the Supporting
Information) suggest that the thiophene ring interacts weakly
with potassium atom on #-BuOK and allows this additive to
remain in the metal coordination sphere.

Substrate Scope. Finally, the optimal conditions (entry S,
Table 1) were selected to examine the versatility of our system.
As shown in Table 2, entries Sa—Se high yields were achieved
under these conditions, showing that this system is selective
toward aliphatic aldehydes and aromatic aldehydes with
electron-withdrawing groups in the para position. Moderate
yields were obtained for Sf, despite the potential for this
substrate to bind k* to the metal center. Low yields were
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Figure 8. Calculated (B3PW91-D3) free energy pathways for the hydrogenation of benzaldehyde catalyzed by Re-1a with (black) and without (red) t-
BuOK. Solvation energies are reported using the PCM solvation model in toluene.
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Table 2. Hydrogenation of Aldehydes Sa to Si with Catalyst
Mn-1b“

Mn-1b
t-BuOK
H, (40 bar) OH
Aldehydes
25°C,16 h R)
5 6
o o o
\HL H \{)L H /@)J\H
5a, >99% 5b, >99% 5¢, 96%
0 o
N
H WO | N H
=
5d, 87% 5e, 83% 5f, 78%
[0} (o] [0}
y y Q)LH
MeO OMe NC
OMe OMe
59, 35% 5h, 33% 5i, 32%

“Yields are in triplicate and calculated by 'H NMR spectroscopy. For
complexes 5d and Se, % conversion is reported.

observed for substrates with weak electron-withdrawing groups
on an aryl aldehyde. A competition experiment was also
performed where aldehyde and acetophenone were present in
the same reaction vessel. Under these conditions, acetophenone
was not hydrogenated, suggesting that this system is selective for
aldehydes over ketones.

B CONCLUSIONS

In summary, several ENENES Mn(I) and Re(I) complexes were
prepared and tested as catalysts for the homogeneous hydro-
genation of benzaldehyde. Although all the complexes were able
to hydrogenate the aldehydes, the manganese complex Mn-1b
was found to be the most efficient catalyst for this system under
mild conditions, that is, 25 °C and 40 bar H, pressure. The
isolation of the rhenium-hydride complex 3 made it possible to
study the mechanism, and it was experimentally observed that
the base -BuOK is an important part of the catalytic cycle, where
it most likely assists in the release of the desired product. Based
on experimental and computational studies, two pathways have
been proposed for this system: with and without the presence of
the base (t-BuOK). The path that included -BuOK was lower in
energy. To the best of our knowledge, the rhenium complexes
reported here are the first ones bearing ENENES ligands.
Further, this is also the first study where the role of t-BuOK,
which is frequently used as an additive in many catalytic systems,
is clarified. Given the ubiquity of this additive in many catalytic
systems, we believe that this work will be of interest to many in
the community.

B EXPERIMENTAL SECTION

General Considerations. Complexes Re(CO);Cl and Mn-
(CO)¢Br and ligand 2" were purchased from Strem Chemicals and
used as received. Ligands a and b were synthesized according to the
published procedures.® Anhydrous solvents were purchased from
Sigma-Aldrich and dried with molecular sieves before use. Potassium
tert-butoxide (1.0 M in THF) and sodium triethylborohydride (1.0 M
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in toluene) were purchased from Sigma-Aldrich and used as received.
Aldehydes were purchased from Sigma-Aldrich and Fisher Scientific:
solids were used as received, and the liquids were dried with molecular
sieves and degassed before use. Air- and/or moisture-sensitive materials
were stored in the glovebox. Deuterated solvents were purchased from
Cambridge Isotope Laboratories. '"H and '3C NMR spectra were
obtained on 500 or 600 MHz spectrometers at room temperature.
Chemical shifts are listed in parts per million (ppm) and referenced to
the residual protons of the deuterated solvent used. Elemental analyses
were performed by Atlantic MicroLabs, Inc. X-ray crystallography was
performed by Jenny S. Forester, Roger D. Sommer, and Chun-Hsing
Chen (UNC Chapel Hill Chemistry) at the Molecular Education,
Technology and Research Innovation Center (METRIC) at NC State
University.

Synthesis of Re(NNS(thiophene)-piperidine)(Cl)(CO); (Re-
1a). Ligand a (299 mg, 1.26 mmol) was dissolved in 20 mL of dry
benzene and was added dropwise to a colorless suspension of
[Re(CO)Cl] (454 mg, 1.26 mmol) and 40 mL of dry benzene. The
mixture was then refluxed overnight under a nitrogen atmosphere in a
100 mL Schlenk flask. After cooling to room temperature, the solvent
was evaporated, and the residue was further stirred with hexanes
overnight, filtered, and dried under vacuum to yield a white solid of the
Re complex Re-1a. Yield: 92.1%, 1.4 g. A single crystal was grown by
slow diffusion of hexanes in a chloroform solution of the complex at
room temperature. '"H NMR (600 MHz, CDCl,): §7.21 (d, J = 5.1 Hz,
1H, thiophene-H), 6.87 (d, ] = 5.1 Hz, 1H, thiophene-H), 4.76—4.68
(m, 1H, NH—CH,-thiophene), 4.08—3.99 (m, 1H, NH—CH,-
thiophene), 3.71-3.64 (m, 1H, —CH,—), 3.61-3.53 (m, 1H,
—CH,—), 343 (s, 1H, NH), 3.21-3.15 (m, 1H, —CH,—), 2.99—2.92
(m, 1H, —CH,—), 2.77—2.68 (m, 2H, piperidine), 2.61—2.53 (m, 2H,
piperidine), 2.28 (s, 3H, CHj;-thiophene), 2.00—1.91 (m, 2H,
piperidine), 1.84—1.77 (m, 2H, piperidine), 1.66—1.60 (m, 1H,
piperidine), 1.49—1.43 (m, 1H, piperidine). *C NMR (151 MHz,
CDCL): & 196.58193.82, 192.92, 137.56, 131.53, 130.92, 125.08,
63.25, 59.39, 53.42, 48.94, 31.80, 24.06, 23.67, 23.21, 14.17. FTIR
em™': 2015, 1871, and 1845 (Re-CO). Elemental analysis:
(C1¢Hp,CIN,O5ReS) Theory: (C, 35.30; H, 4.04; N, 5.15) Found:
(C, 35.05; H, 4.04; N, 5.13).

Synthesis of Re(NNS(thiophene)-morpholine)(Cl)(CO); (Re-
1b). Ligand b (415 mg, 1.73 mmol) was dissolved in 20 mL of dry
benzene and was added dropwise to a colorless suspension of
[Re(CO);Cl] (626 mg, 1.73 mmol) and 40 mL of dry benzene. The
mixture was then refluxed overnight under a nitrogen atmosphere in a
100 mL Schlenk flask. After cooling to room temperature, the solvent
was evaporated, and the residue was further stirred with hexanes
overnight, filtered, and dried under vacuum to yield a light purple solid
of Re complex Re-1b. Yield: 86.5%, 817 mg. A single crystal was grown
by slow diffusion of hexanes in a chloroform solution of the complex at
room temperature. 'H NMR (600 MHz, CD,Cl,): §7.28 (d,] = 5.1 Hz,
1H, thiophene-H), 6.92 (d, ] = 5.1 Hz, 1H, thiophene-H), 4.74—4.68
(m, 1H, NH—CH,-thiophene), 4.14—4.08 (m, 2H, morpholine),
4.07-4.02 (m, 1H, NH—CH,-thiophene), 4.01-3.97 (m, 1H,
—CH,-), 3.84-3.79 (m, 1H, —CH,—), 3.78-3.74 (m, 1H,
—CH,-), 3.57-3.52 (m, 1H, —CH,—), 3.47 (s, 1H, NH), 3.26—3.21
(m, 1H, morpholine), 3.16—3.10 (m, 1H, morpholine), 2.93—2.87 (m,
1H, morpholine), 2.82—2.74 (m, 1H, morpholine), 2.66—2.59 (m, 2H,
morpholine), 2.30 (s, 3H, CHj-thiophene). *C NMR (126 MHz,
CDCly): 6 196.21, 193.43, 192.72, 137.88, 131.47, 131.19, 125.45,
65.41,65.31,62.99, 62.16, 57.92, 53.76,48.42, 14.38. FTIR cm™': 2016,
1895, and 1880 (Re-CO). Elemental analysis: (C,sH,,CIN,O,ReS-
0.5CH,Cl,) Theory: (C, 31.63; H, 3.60; N, 4.76) Found: (C, 31.71; H,
3.47; N, 4.65).

Synthesis of Mn(NNS(thiophene)-piperidine)(Br)(CO); (Mn-
1a). Ligand a (266 mg, 1.12 mmol) was dissolved in 20 mL of dry
benzene and was added dropwise to a colorless suspension of
[Mn(CO);Br] (307 mg, 1.12 mmol) and 40 mL of dry benzene. The
mixture was then refluxed overnight under a nitrogen atmosphere in a
100 mL Schlenk flask. After cooling to room temperature, the solvent
was evaporated, and the residue was further stirred with hexanes
overnight, filtered, and dried under vacuum to yield a light-yellow solid
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of the Mn complex Mn-1a. Yield: 41.4%, 212 mg. A single crystal was
grown by slow diffusion of hexanes in a chloroform solution of the
complex at room temperature. "H NMR (600 MHz, CDCl,): § 7.20 (d,
] = 5.1 Hz, 1H, thiophene-H), 6.87 (d, J = 5.1 Hz, 1H, thiophene-H),
4.73 (d, 1H, J = 15.0 Hz, NH—CH,-thiophene), 3.97—3.90 (m, 1H,
NH-CH,-thiophene), 3.60 (broad s, 1H, NH), 3.46 (broad s, 2H,
—CH,—), 3.18 (broad s, 1H, —CH,—), 3.05—2.98 (m, 2H, piperidine),
2.72—2.54 (m, 4H, piperidine), 2.31 (s, 3H, CH;-thiophene), 1.82 (m,
1H, —CH,—), 1.76 (broad s, 2H, piperidine), 1.59 (m, 2H, piperidine).
13C NMR (151 MHz, CDCl,): § 137.25, 131.50, 130.93, 124.66, 60.76,
60.13, 52.10, 48.29, 28.40, 23.53, 22.48, 22.41, 14.18. Some carbon
peaks are lost in the baseline. FTIR cm™: 2013, 1923, and 1892 (Re-
CO). Elemental analysis: (C,4H,,BrMnN,0,5-0.33CH,Cl,) Theory:
(C, 40.32; H, 4.90; N, 5.76) Found: (C, 40.35; H, 4.86; N, 5.99).

Synthesis of Mn(NNS(thiophene)-morpholine)(Br)(CO);
(Mn-1b). Ligand b (314 mg, 1.31 mmol) was dissolved in 20 mL of
dry benzene and was added dropwise to a colorless suspension of
[Mn(CO);Br] (360 mg, 1.31 mmol) and 40 mL of dry benzene. The
mixture was then refluxed overnight under a nitrogen atmosphere in a
100 mL Schlenk flask. After cooling to room temperature, the crude
yellow product precipitated, which was then filtered and washed with
hexanes overnight, filtered again, and dried under vacuum to yield a
yellow solid of the Mn complex Mn-1b. Yield: 68.3%, 411 mg. A single
crystal was grown by slow diffusion of hexanes in a chloroform solution
of the complex. 'H NMR (600 MHz, CDCl;) &: 7.21 (s overlapping
with the solvent, 1H, thiophene-H), 6.88 (s, 1H, thiophene-H), 4.71 (d,
] = 14.98 Hz, 1H, —CH,—), 4.06—3.89 (m, 4H, morpholine), 3.80—
3.69 (m,2H, —CH,—), 3.67—3.53 (m, 2H, —CH,—), 3.03 (broad s, 1H,
NH), 2.97—2.87 (m, 2H, morpholine), 2.86—2.79 (m, 1H, —CH,—),
2.72—2.66 (m, 1H, morpholine), 2.65—2.58 (m, 1H, morpholine), 2.31
(s, 3H, CHjy-thiophene). *C NMR (151 MHz, CDCL): § 137.37,
131.25, 130.98, 124.84, 64.12, 63.37, 60.70, 58.71, 57.06, 52.20, 47.61,
14.18. FTIR cm™: 2013, 1923, and 1893 (Re-CO). Elemental analysis:
(C,5H,BrMnN,0,8-0.5CH,CL,) Theory: (C, 37.11; H, 4.22; N, 5.58)
Found: (C, 36.75; H, 4.29; N, 5.79).

Synthesis of Re(NNS(phenyl)-morpholine)(Cl)(CO); (2). Li-
gand 2’ (100 mg, 0.380 mmol) was dissolved in 20 mL of dry benzene
and was added dropwise to a colorless suspension of [Re(CO)Cl]
(136 mg, 0.380 mmol) and 40 mL of dry benzene. The mixture was
then refluxed overnight under a nitrogen atmosphere in a 100 mL
Schlenk flask. After cooling to room temperature, the solvent was
evaporated, and the residue was further stirred with hexanes overnight,
filtered, and dried under vacuum to yield an off-white solid of Re
complex 2. A single crystal was grown by slow diffusion of hexanes in a
chloroform solution of the complex. Yield: 90.4%, 194 mg. '"H NMR
(500 MHz, CDCly): 6 7.55—7.51 (m, 2H, phenyl), 7.38—7.33 (m, 2H,
phenyl), 7.33—7.30 (m, 1H, phenyl), 4.16 (s, 1H, NH), 4.14—4.07 (m,
2H, morpholine), 3.98—3.93 (m, 1H, morpholine), 3.87—3.80 (m, 2H,
—CH,—), 3.50—3.44 (m, 1H, morpholine), 3.36—3.33 (m, 1H,
—CH,-), 3.32-3.26 (m, 1H, —CH,—), 3.25-3.20 (m, 1H,
—CH,-), 3.13-3.08 (m, 1H, —CH,—), 3.07-3.04 (m, 2H,
—CH,—), 2.85-2.80 (m, 1H, morpholine), 2.68—2.62 (m, 1H,
morpholine), 2.61-2.55 (m, 2H, morpholine). *C NMR (126 MHz,
CDCly): 6 195.91, 193.07, 192.39, 133.25, 131.86, 129.88, 128.68,
65.23,65.07,62.68, 61.89, 57.73, 54.85,47.80, 34.20. FTIR cm™': 2013,
1914, and 1882 (Re-CO). Elemental analysis: (C,,H,,CIN,O,ReS)
Theory: (C, 35.66; H, 3.85; N, 4.89) Found: (C, 35.68; H, 3.83; N,
4.89).

Synthesis of Re(NNS(thiophene)-morpholine)(H)(CO); (3). In
an inert atmosphere, complex Re-1b (102.2 mg, 0.187 mmol) was
dissolved in 30 mL of dry toluene in a 50 mL storage tube. One
equivalent of sodium triethylborohydride (0.187 mL, 0.187 mmol) was
added dropwise to the solution of 1bc and stirred overnight (16 h) at
room temperature. The solution was then filtered to afford a yellow
solid, which consisted of a mixture of the desired product (rhenium—
hydride complex 3) and the byproduct sodium chloride. To separate
both products, the yellow powder was dissolved in a minimal amount of
methylene chloride and filtered through Celite, and excess pentane was
added to afford the precipitation of the desired white Re complex
product 3. Yield: 78.4%, 75.0 mg. A single crystal was grown by slow
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diffusion of pentane in a methylene chloride solution of the complex. 'H
NMR (600 MHz, CD,CL,): § 7.27 (d, ] = 5.2 Hz, 1H, thiophene-H),
6.90 (d, J = S.1 Hz, 1H, thiophene-H), 4.57 (m, 1H, NH—CH,-
thiophene), 4.43 (s, 1H, NH), 4.12 (m, 2H, morpholine), 3.99 (m, 1H,
NH-CH,-thiophene), 3.94 (dt, ] = 12.7, 3.2 Hz, 1H, morpholine), 3.81
(dt, J = 12.9, 3.4 Hz, 1H, morpholine), 3.45 (m, 2H, —CH,—), 3.22—
3.16 (m, 1H, —CH,—), 2.96—2.89 (m, 3H, overlap between —CH,—
and morpholine), 2.82 (ddd, J = 11.9, 10.2, 3.2 Hz, 1H, morpholine),
2.69 (dtd, J = 13.2, 9.7, 3.6 Hz, 1H, morpholine), 2.28 (s, 3H, CH;-
thiophene), 1.90 (s, 1H, Re—H). *C NMR (126 MHz, CDCl;): d
201.89, 200.30, 198.20, 137.99, 132.99, 131.12, 125.44, 66.49, 65.82,
64.30, 55.79, 48.12, 14.35. FTIR cm™': 2016 (Re—H), 1987, and broad
peak at 1852 (Re—CO). Elemental analysis: (C,sH,;N,O,ReS:
0.5CH,Cl,) Theory: (C, 33.60; H, 4.00; N, 5.06) Found: (C, 33.76;
H, 3.98; N, 5.05).

Computational Studies. Calculations were performed with the
Gaussian 16" computational program. Geometry and transition-state
optimizations were performed with the 6-31G(d,p)*”"*® basis set on
light atoms and SDD basis set” ™' with an added f polarization
function®” on rhenium and manganese. The optimization calculations
included tight optimization criteria (opt = tight) in the Gaussian 16*°
implementation of B3PW91°® with an ultrafine integral grid (int =
ultrafine), and Grimme’s dispersion correction’* was employed in all
calculations. All structures were fully optimized, and analytical
frequency calculations were included on all structures to ensure a
zeroth-order (local minimum) or first-order (transition state) saddle
point. The minima associated with each transition state were verified by
animation of the imaginary frequency. The energy values were
calculated at 298 K with the 6-311++G(d,p) basis set™ for C, H, N,
O, S, and K atoms and the SDD basis set with an added f polarization
function®” on rhenium and manganese. The reported energies utilized
analytical frequencies, and the zero point corrections from the gas phase
optimized geometries and include solvation corrections which were
computed using the polarizable continuum model (PCM) method,***”
with toluene as the solvent as implemented in Gaussian 16.

General Procedure for Catalytic Reactions. In a typical run,
0.0045 mmol of the catalyst was dissolved in the specific dry solvent,
and then the base potassium tert-butoxide (0.045 mmol) was added
dropwise, followed by the substrate (0.9 mmol). They would all be
combined in 20 mL glass vials and transferred into Parr Instrument
stainless steel autoclaves under an inert atmosphere. The system would
then be purged with H, (1 X 20 bar) for 1 min, pressurized with H, to
the specified pressure, and heated to the specific temperature. The
reactions were run in triplicate, and the yields of products were
determined by "H NMR spectroscopy.
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