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ABSTRACT: Ru-PNN pincer catalysts of the general form

[{PNN}Ru(H)(CI)(CO)] can dehydrogenate alcohols through >‘Ph Ph

inner- and outer-sphere mechanisms, but determining the favored =~ (|)~PR2 o~ c|)~pR2 Planar 'Iocked...
path is challenging. To address this challenge, the following planar- &@d‘c %’ > 2 & catalysis stopped
locked quinoline-based PNN ligands, which cannot form key EQZ,L = Ell ,!, =

inner-sphere transition states and intermediates, were synthesized: 4
2-((ditertbutylphosphaneyl)methyl)-N,N-diethylquinolin-8-amine >~ph >~ph

(QNP™*), 2-((diisopropylphosphaneyl)methyl)-N,N-diethyl- | pjanar lax... > o st ©
quinolin-8-amine (Q_NP‘P‘), and 2-((diphenylphosphaneyl)- catalysis fast N~ | 2 IS NS l -

methyl)-N,N-diethylquinolin-8-amine (QNP™). In addition to Et 'L “¢o | o o
R . . . NorE 2 EtN H

the quinoline-derived ligands, we also prepared the isoquinoline

PNN ligand N-((1-((ditert-butylphosphaneyl)methyl)isoquinolin-

3-yl)methyl)-N-ethylethanamine (IsoQNP) and two known picoline- and lutidine-derived ligands 2-((ditert-butylphosphaneyl)-
methyl)pyridine (PicP) and 2-((ditert-butylphosphaneyl)methyl)-6-methylpyridine (LutP). These six ligands were coordinated to
Ru(II) ions to prepare six new complexes of the general formulation [{L}Ru(H)(Cl)(CO)] analogous to Milstein’s PNN catalyst
precursor (1PyCl). The X-ray structural, NMR, UV—vis, and FTIR spectroscopic properties of the new complexes are similar to
parent complex 1PyCl and were used in catalytic 1-phenylethanol acceptor-less and transfer dehydrogenation. The comparative
results demonstrate that 1Py outperforms the other catalysts. DFT reaction profiles were computed for 1Py and the planar-locked
catalysts. The results suggest that 1Py has access to a lower-energy inner-sphere path, whereas the planar-locked catalysts can only
proceed through a high-energy outer-sphere mechanism and may even get trapped in unreactive alkoxide sinks.

B INTRODUCTION Scheme 1. Key Inner- versus Outer-Sphere Intermediates

Ruthenium-catalyzed alcohol (de)hydrogenations are impor- @

tant reactions in synthetic organic chemistry.' > A subclass of H>~ph o on H >Lph

catalysts are those proposed to rely on aromatization 0 = = py

d ; tizati tpl Il) d ¢ tive (A/D MLC§ Z PR ] O Ve @i PHBu,
earomatization metal ligand cooperative SN e W ~o T —=» ~/{_

substrate activation, as dlscovered by Milstein and co-workers | Co Etz o N | co

EtN Et2 H

on Ru-PNN complexes."® Support for the aromatization/
dearomatization comes primarily from early studies where

Milstein and co-workers carried out stoichiometric experi- [inner sphere path] [outer sphere path]
ments on a 16-e” Ru-PNN complex (1Py).”’ Furthermore,

. i . . acetophenone - acetophenone
several DFT studies provide ample support for the viability of

10—17 . . | PBu,
A/D MLC. Nevertheless, questions remain. Due to the

stated importance in organic synthesis, the versatility and Et/l Co
potential atom efficiency of these systems merit further ;P';"

exploration of the reaction mechanism in alcohol dehydrogen-
ation to enable advances in ligand design and applications.
The mechanism of alcohol dehydrogenation can proceed
through several conceivable pathways that are generally
categorized as being “inner-sphere” or “outer-sphere” in nature
(Scheme 1). Outer-sphere dehydrogenation is further
delineated into concerted and stepwise mechanisms. The
concerted mechanism appears to be relevant for only Shvo-
type catalysts,"® whereas Noyori’s catalyst and other pincer
systems proceed through stepwise outer-sphere processes.'” "
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Henceforth, we will not consider the concerted process.
Although outer-sphere dehydrogenation does not require
substrate coordination, the key zwitterionic intermediate
(Scheme 1, right) can rearrange into a Ru-alkoxide (Scheme
1, left)."® Therefore, the observation of Ru-alkoxide complexes
under catalytically relevant conditions does not rule out outer-
sphere processes.””” In contrast to the outer-sphere mecha-
nisms, the inner-sphere pathway requires Ru-alkoxide for-
mation and includes unique steps such as dissociation of an
auxiliary ligand arm and a f-hydride elimination of the alkoxide
(Scheme 1, left).'*~"”

The known Ru-alkoxide complexes and recent implication of
their importance in the mechanism provides a reason to expect
competing inner- versus outer-sphere paths in a dehydrogen-
ation reaction. Knowledge of the operative/favored pathway
will enable better catalyst design. The challenge is
experimentally differentiating these two limiting mechanisms
(inner- versus outer-sphere) under catalytic conditions, which
is difficult since both can be simultaneously operative and since
both key inner- and outer-sphere steps can have large entropies
of activation.””

While there are many computational studies discussing the
viability of inner- versus outer-sphere mechanisms,'*~"” there
are very few experimental studies, with Szymczak providing the
only example we are aware of for Ru-pincer catalysts and was
shown to proceed through the inner-sphere path.”’ This
experimental study”” used an NNN pincer ligand that is
fundamentally different from Milstein’s PNN system. Never-
theless, the discovery that inner-sphere steps are operative on a
Ru-pincer catalyst has implications for the PNN systems.

Further complicating the story is the recent discovery 1Py
can dehydroalkylate into an effective hydrogenation catalyst.”*
In this new finding, the proposed -catalytically relevant
compound was a Ru(0) imine complex (1Py™"¢), formed
through loss of ethane via a phosphine coordination induced
dehydroalkylation reaction (Scheme 2), rather than the

Scheme 2. Formation of 1Py™n **
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traditionally thought Ru(Il) complex 1Py. The introduction
of a third potential mechanism thus complicates the discussion,
reminding us that identification of the active catalyst is not a
straightforward endeavor.”"*>*°

One approach to test these proposed mechanisms is to
design ligands that either poison or favor the possible
pathways. We envisioned that incorporating a quinoline
backbone, instead of a pyridine one, could constrain the
system such that the NEt,-group of the PNN ligand cannot
dissociate, which is a requisite step for the inner-sphere
pathway. Additionally, the dehydroalkylation steps are negated
by removing the required benzylic position. The difficulty in
making mechanistic generalizations from ligand changes is that
other factors may also contribute to observed differences in
reactivity. For example, the changes in aromatic conjugation of
a quinoline may significantly alter aromatization/dearomatiza-
tion thermodynamics. Hence, we also designed and synthe-
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sized an isoquinoline analogue to serve as a control for this
possibility. Finally, a bidentate PN ligand could, in principle,
favor an inner-sphere mechanism; therefore, we additionally
prepared new bidentate picoline- and lutidine-derived PN-Ru

complexes from known PN ligands for this study (Chart
1).27,28

Chart 1. Precatalysts (and Ligands) for This Study®
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Using both new and known ligands, we prepared the
following seven precatalyst complexes: [{PyNP}Ru(CO)(Cl)-
(H)] (1PyCD),® [{QNP*}Ru(CO)(CH(H)] (1Q7Cl) (R =
‘Bu, 'Pr, and Ph), [{I-P-IsoQNP}Ru(CO)(Cl)(H)]
(1Is01QCl), [{PicP}Ru(CO)(Cl)(H)(PPh;)] (1PCl), and
[{LutP}Ru(CO)(CI)(H)(PPh;)] (1LCl). These complexes
were subjected to a series of experimental -catalytic
dehydrogenation reactions using 1-phenylethanol (1PhEtOH).
The reaction profiles for a variety of mechanisms were studied
using DFT with 1PhEtOH as the substrate. Our computational
and experimental findings indicate that inhibiting amine arm
dissociation negatively impacts the catalytic activity. Collec-
tively, the results allow us to make some reasonable
conclusions about the mechanism: The six new complexes
likely proceed through an outer-sphere mechanism, and
Milstein’s catalyst has access to both, with the inner-sphere
being favored.

B RESULTS

Synthesis of Ligands and Complexes. Unless noted, the
‘Bu-substituted phosphine ligands were used in this study. The
parent ligand PyNP was synthesized according to literature;
many of the steps for the new ligands used these adapted
procedures.’ The picoline- and lutidine-derived ligands PicP
and LutP are known,””*" but to our knowledge, they have not
beenz}lsed to prepare [{PN}Ru(CO)(H)(CI)PPh,] precata-
lysts.”

Synthesis of QNP Ligands. Preparation of the quinoline
core for QNP was accomplished via a previously reported
Doebner-Miller reaction between crotonaldehyde and 2-
nitroaniline to give 8-nitro-2-methylquinoline.”® The nitro
group was reduced quantitatively to the amine using Pd/C and
H, (gas) (1 atm). This amine product was used without
purification in subsequent alkylation using excess NaBH, in
acetic acid to give N,N-diethyl-2-methylquinolin-8-amine in

https://dx.doi.org/10.1021/acs.organomet.0c00327
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low to moderate yields after column chromatography (Scheme

3).

Scheme 3. Synthesis of QNP Ligands
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Lithiation of N,N-diethyl-2-methylquinolin-8-amine with n-
BuLi at 0 °C and subsequent reaction with P(‘Bu),Cl at —78
°C installs the P("Bu), group on the 2-methyl position of the
quinoline ring giving the final QNP ligand in an overall 24%
isolated yield (Scheme 3). We also prepared the diphenyl-
phosphine (QNP™) and isopropyl (QNP") derivatives using
the same procedure.

Synthesis of IsoQNP. The core isoquinoline unit for 1-P-
IsoQNP was prepared through a previously reported
procedure in which acetonitrile adds to allyl benzene usin§
silver triflate as a mediator to form 1,3-dimethyl-isoquinoline.’
Bromination of 1,3-dimethyl-isoquinoline using a procedure
similar to that for the parent PyNP ligand® yielded two isomers
in which either methyl position was brominated, 1-
bromomethyl-3-methylisoquinoline and 3-bromomethyl-1-
methylisoquinoline. These isomers were separated via column
chromatography in somewhat prohibitively low yields (Scheme
4).

Scheme 4. Synthesis of 1-P-IsoQNP Ligand

z NBS, Benzoyl peroxide z HNEt,
SN reflux, overnight \N THF, 0 °C tor.t.
18% Br 59%
1. n-Buli, Et,0, 0 °C
z 2. P(BBu),Cl, Et,0, -78°C  (#
4 g
N 18 h N
0,
NEt, P(Bu), 90% NEt,
1-P-IsoQNP

Amination with diethylamine and phosphination followed
procedures similar to that for PyNP° to give the final [soQNP
ligands. The ligands were named after the position of the
phosphorus group on the isoquinoline ring, N-((1-((di-tert-
butylphosphaneyl)methyl)isoquinoline-3-yl)methyl)-N-ethyle-
thanamine (1-P-IsoQNP) and N-((3-((di-tert-
butylphosphaneyl)methyl)isoquinoline-1-yl)methyl)-N-ethyle-
thanamine (3-P-IsoQNP). 3-P-IsoQNP was not synthesized in
reasonable quantities for this current study; therefore, the
reactivity is only reported for 1-P-IsoQNP.

Synthesis and Characterization of Ru Precatalysts.
Coordination of Ru(Il) to the new ligands follows the
procedure reported for PyNP (Scheme 5).° Specifically,
heating a mixture of the desired ligand and Ru(H)(CI)(CO)-
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Scheme 5. Coordination of Ru(II) to Ligands
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(PPh,); to 65 °C in THF in a sealed Schlenk bomb affords the
precatalyst compounds. The complexes [{QNP}Ru(H)(Cl)-
(CO)] (1QC1) and [{1-P-IsoQNP}Ru(H)(CI)(CO)]
(11s01QCl) have *'P{'H} NMR (CDCl;) resonances at
111.0 and 107.0 ppm, respectively, and are nearly identical to
the reported shift of 108 ppm for the parent complex, 1PyCL°
"H NMR (CDCl;) spectra reveals resonances at —15.2 ppm
(1H) (¥py = 25.9 Hz) for 1QCl and —15.6 ppm (1H) (}Jpy =
27.7 Hz) for 1I1s01QCIl. These resonances are also near the
reported values for the hydride ligand of 1PyCl (—15.3 ppm,
1H,ppi0c = 27.50 Hz).> ATR FT—IR reveals that the 2(CO)
of 1882 cm™ for 1QCI and 1898 cm™ for 1Is01QCI are
shifted to a slightly lower energy with respect to the
Ru(H)(CI)(CO)(PPh;); precursor (¢(CO) of 1927 cm™),
just as in parent complex 1PyCl (1898 cm™'). As stated
previously, we also synthesized the ‘Pr and Ph variants of the
QNP ligands. The coordination of these ligands to Ru(H)-
(Cl)(CO)(PPh,); followed the same procedure as that for the
parent ligands (Scheme S). The Pr and Ph variants of 1QCl,
[{QNP}Ru(H)(C)(CO)] (1Q*CI), and [{QNP™}Ru(H)-
(cn(co)] (1Q™c1) display *'P{"H} NMR (CDCl,)
resonances at 100.8 ppm for 1QP**Cl and 74.5 ppm for
1Q™ClL. Hydride resonances are seen in the 'H NMR
(CDCLy) at —14.8 ppm (1H) (¥Jpy = 23.5 Hz) for 1Q*"Cl
and —14.1 ppm (1H) (*Jpy = 26.0 Hz) for 1Q""CL The
v(CO) of 1QCI (1889 cm™') and 1Q™CI (1909 cm™) are
comparable to that for parent complex 1QCI (1882 cm™).
Coordination of the PicP and LutP ligands with Ru(H)-
(C1(CO)(PPh;); in a manner similar to that for QNP and 1-
P-IsoQNP affords [{PicP}Ru(H)(CI)(CO)(PPh;)] (1PCI)
and [{LutP}Ru(H)(CI)(CO)(PPh;)] (1LCI) as the precata-

Scheme 6. Coordination of Ru(II) to PicP and LutP

| ) RuH)CI(CO)PPhy)s |
. ~Z . ~
-~ N THF, 65 °C, 18 h 7 N7
P(Bu), __de==psu),
1PCI (73%)  PhaP )
1LCI (67%) H g

lyst systems (Scheme 6). 1PCl exhibits two doublets in the
3P{'H} NMR (CDCl;) spectrum at 98.7 ppm (*Jpp = 277 Hz)
and 37.6 ppm (*Jp = 276 Hz). The 'H NMR (CDCl,;)
resonance for the hydride appears at —14.5 ppm (1H) as
doublet of doublets (}Jpy = 23.8 and 22.2 Hz). 1LCI gives a
similar resonance pattern, with the hydride in the '"H NMR
(CDCl,) spectrum appearing at —14.8 ppm (1H) as a doublet
of doublets (*Jpy; = 18.8 and 28.2 Hz). The *'P{'H} NMR
(CDCl;) spectrum of 1LCI reveals doublets at 92.3 ppm (*Jpp
= 280 Hz) and 35.7 ppm (ZJPP = 280 Hz). The precursor

https://dx.doi.org/10.1021/acs.organomet.0c00327
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Table 1. Selected Bond Metrics and Spectroscopic Data of Precatalyst Complexes

complex v(CO) (em™) Ru-N,, (A)* Ru-L (A)” Ru—C(A)
1PyCl 1898 2.102(3) 2.260(2) 1.834(3)
1QCl 1882 2.101(2) 2.279(2) 1.842(2)
1Q*Cl 1889 2.095(2) 2.267(2) 1.842(2)
1Q™cCl 1909 2.088(2) 2.255(1) 1.845(3)
1Is01QCl 1898 2.111(1) 2.251(1) 1.840(2)
1PCl 1916 2.184(1) 2.3540(4) 1.841(2)
1LCl 1924 2.238(2) 2.3624(5) 1.822(2)

Ru—CIl(A) Ru-P (A)° 'H NMRRu-H (ppm) 3'P{H} NMR PR, (ppm)
2.583(1) 2.2732(8) —-15.6 107.6

2.5439(6) 2.2617(6) —-152 111.0

2.5612(7) 2.2393(7) —14.8 100.8

2.5594(4) 2.2310(5) —14.1 74.5

2.5885(5) 2.2525(5) —-15.6 107.0

2.5142(8) 2.3313(S) —14.5 98.72
2.5468(4) 2.3105(5) —-14.8 92.25

“N,, represents the nitrogen trans to the CO ligand. YL represents either the PPh; or NEt, trans to the PR, ligand. “P represents the PR, ligand.

complex Ru(H)(CI)(CO)(PPh;); has a hydride resonance in
the '"H NMR (CDCl,) spectrum at —7.2 as a doublet of
triplets (*Jpy 106.4 and 25.3 Hz), with the triplet
corresponding to the two PPh; ligands cis to the hydride.
This assignment and the magnitude of *Jpp allow us to assign
1PCl and 1LCl as the cis hydride isomer with PPh; trans to
the P(‘Bu), group. As with 1QCl and 1Iso1QCIl, 1PCI and
1LCI display v(CO) shifted from the starting precursor at
1916 and 1924 cm™, respectively. A summary of the spectral
information on all the complexes reported herein can be found
in Table 1.

Unfortunately, the PN-Ru complexes are not directly
analogous to 1PyCl because they have a PPh; ligand instead
of RNEt,. Attempts were made to replace the PPh; ligand with
nitrogen-based ligands such as pyridine, acetonitrile, HNEt,,
and NEt;. These syntheses are presently unsuccessful under a
variety of conditions and were not pursued further.
Notwithstanding, we still proceeded to use the PN-Ru
complexes in the reactivity study with 1PhEtOH, but
comparative insights are limited, and they were not included
in the DFT study.

Structural Characterization of Precatalysts. We obtained
and determined the X-ray structures of each of the complexes
(Figures 1 and 2). Each complex exhibits a coordination
environment similar to that of parent complex 1PyCl with the
exception of 1PCl and 1LCI, which have a PPh; ligand bound
trans to the P(‘Bu), arm of the ligands. The tridentate ligands
are bound in a meridional fashion with the hydride trans to the
chloride and cis to the CO ligand. Both enantiomers were
found within the unit cell. A summary of the selected bond
lengths can be found in Table 1.

Brief Investigation into Generation of 16-e- Com-
plexes. With precatalyst material in hand, we endeavored to
brieﬂgr explore the identities of the reactive 16-e™ analogues to
1Py.” First, we confirmed that 1Py could be formed in our
hands. We additionally confirmed Milstein’s and Gusev’s
findings that 2Py (the Ru-dihydride) is unstable in toluene and
slowly converts into 1Py with the elimination of H,.**
Notably, this process did not complete within 2 days (~25%
conversion), but it is completed in about 1 h when >1 equiv of
acetone is included. No effect was observed if catalytic
1PhEtOH was included. These observations will come into
play later when we discuss mechanisms.

1QCI can be activated through treatment with KO'Bu in
THF at —3S °C forming a dark red (see the Supporting
Information for UV—vis spectra) 16-e~ complex [{QNP’}Ru-
(H)(CO)] (where the ' symbol denotes a dearomatized
ligand) (1Q) (Scheme 7) with a *'P{'"H} NMR (C4Dj) signal
at 98.7 ppm, close to the literature value of 95 ppm for 1Py.°
Furthermore, the formulation of [{QNP’}Ru(H)(CO)] for
1Q is consistent the '"H NMR resonance at —25.0 ppm (ZJPH =

3631
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Figure 1. X-ray crystallographically determined molecular structures
of one of the molecules found within the unit cell. Shown are 1QCl
(top), 1Q™*Cl (middle), and 1Q™CI (bottom) with ellipsoids at 50%
probability; nonhydride H atoms and solvent molecules have been
removed for clarity. Color scheme: ruthenium = teal; nitrogen = blue;
phosphorus = orange; chloride = lime; oxygen = red; carbon = gray;
hydrogen = white.

28 Hz), which is nearly identical to the hydride resonance for
1Py (—27 ppm and*Jpy = 26 Hz). Retention of the CO ligand
is confirmed via a shifted £(CO) of 1897 cm™". Following the
same procedure for 1Q™Cl also affords a dark red species
(1Q™) with a ¥P{’"H} NMR (C4Dy) signal at 61.4 ppm, a 'H
NMR resonance at —22.7 ppm (*Jpy = 28 Hz), and v(CO) at
1905 cm™,

Clean conversion of 1Iso1QCI to its corresponding 16-e~
complex was attempted but not achieved in this study. For
example, treatment of 1Iso1QCl with KO'Bu results in a
mixture of products, one of which is consistent with 1Iso1Q

https://dx.doi.org/10.1021/acs.organomet.0c00327
Organometallics 2020, 39, 3628—3644
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Figure 2. X-ray crystallographically determined molecular structures
of one of the molecules found within the unit cell. Shown are
1Is01QCl (top), 1PCI (middle) and 1LCI (bottom) with ellipsoids at
50% probability; nonhydride H atoms and solvent molecules have
been removed for clarity. Color scheme: ruthenium = teal; nitrogen =
blue; phosphorus = orange; chloride = lime; oxygen = red; carbon =
gray; hydrogen = white.

Scheme 7. Synthesis of 16-e” Complex 1Q*"

A AN
Nig N7
EN— | & PR KOBu EN— | & PR
z \leu/ ? THF,-35°C,4h  ° \Rlu/ z
Cl c 4 o c
0O R ='Bu, 81% Ie)
1GRC Ph, 71% 1QR

“R = 'Bu and Ph.

from its *'P{"H} NMR (C¢Ds) peak at 95 ppm and a '"H NMR
resonance at —26 ppm with *Jpy = 26 Hz, but it rapidly
decomposes and is one species among many (Figure S56—57).
In addition to ligand synthesis difficulties, this constitutes one
reason we did not pursue the isoquinoline systems in detail.
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We note this instability of 1Iso1Q later within the context of
catalysis.

Activation of 1PCl with KOBu in THF at —35 °C appears
to form a species that we are tentatively assigning as
[{PicP’}Ru(trans-(PPh;),)(CO),]* along with other byprod-
ucts (Scheme 8). The assignment of [{PicP’'}Ru(trans-

Scheme 8. Reaction Between 1PCl and KO'Bu
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"[{PicP}Ru(trans-PPh3),(CO),*"

(PPh;),)(CO),]* is based on *'P{'H} NMR spectrum having
a triplet at 88.7 ppm (*Jpp = 105.6 Hz) and a doublet at 49.2
ppm (¥Jpp = 104.8 Hz) (Figure SS9). Furthermore, the 'H
NMR spectrum lacks a hydride resonance (Figure SS8), and
ATR FT—IR spectra show the presence of two v(CO) at 1850
and 1887 cm™'. We explored several alternative reactants and
conditions, but so far we have not been successful in preparing
an analogous 16-e~ complex to 1Py with 1PCL

In contrast, activation of 1LCl with KO'Bu in toluene or
THF results in formation of a green species (1L) (Scheme 9,

Scheme 9. Reaction Between 1LCI and KO'Bu

® S
2 |
T;H KO'Bu T N
T _PBu, oz o s*_piBy
Phst‘Ru THF, -35°C, 4 h PhaP’Rlu/ 2
S §
1LCI 1L

Figures $52—S54) whose formulation is consistent with
[{LutP’}Ru(CO)(cis-H)(PPh;)] on the basis of a hydride
resonance in the '"H NMR spectrum at —14.3 ppm with *Jpy
(doublet of doublets) = 19 and 23 Hz. *'P{'"H} NMR reveals
two doublets at 118.2 ppm (*Jpp = 234.7 Hz) and 54.8 ppm
(*Jpp = 234.0 Hz). A v(CO) was observed at 1881 cm™, which
is shifted from the starting complex 1LCL This spectroscopic
data is consistent with the cis-H trans-bisphosphine isomer
(Scheme 9).

Catalytic Dehydrogenation Reactions. Having estab-
lished that the PN and PNN-Ru precatalysts behave similarly
to parent 1PyCl with KO'Bu in toluene and THF, we
conducted a catalytic study using these seven Ru precatalysts
(1PyCl, 1QRCl (R = ‘Bu, 'Pr, and Ph), 1Is01QCI, 1PCl, and
1LCl) in dehydrogenation reactions of 1PhEtOH and 1-
hexanol (Scheme 10, Table 2). Only 1PyCl and 1Py
dehydrogenated 1-hexanol. The choice of 1PhEtOH was
made in part because of the difficulty these catalysts have in its
conversion to acetophenone, and therefore allows us to better

Scheme 10. Dehydrogenation of 1PhEtOH in Toluene

0.5 mol % [cat]
2 mol % KOBu

(o]
toluene, 110 °C, 4 h Ph)]\

https://dx.doi.org/10.1021/acs.organomet.0c00327
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Table 2. Summary of Dehydrogenation and Transfer
Dehydrogenation Reactions in Toluene”

(Scheme 11, Figure 3, red) starts with an approach of
1PhEtOH to 1Py in a side-on fashion forming transition state
TSos.pr (AGF = 21.2 kecal/mol) and involves substrate proton

conv (%) transfer to the dearomatized ligand. The resulting intermediate
entny complex base (4 equiv) we=1rD) D" 4bPy is a zwitterionic-sigma complex linked through the C—H
1 1Py none 43+3 bond of the substrate to the Ru center (AG® = 20.6 kcal/mol).
2 1PyCl KO'Bu 43+7 89+ This high-energy intermediate (4bPy) can readily transfer a
3 1Q¢ none 1+1 hydride to the ruthenium center through TSqg.yr (AGF=27
4 1QCl KO'Bu 4+2 4+1 kcal/mol) to form acetophenone and known dihydride
3 1Q**Cl KO'Bu S+3 50 & 1° complex 2Py (AG® = 1.9 kcal/mol).° Alternatively, 4bPy
6 1™l KO'Bu 9+5 14+3 can isomerize to alkoxide 4aPy through TSy, 4, (AGF =29
7 1so1QCl KO'Bu 11+2 11+1 keal/mol) (Figure 3, purple), thereby connecting the outer-
8 1PCl KO'Bu 21£2 88 + 10 and inner-sphere mechanisms. Elimination of H, from 2Py is
9 1LCl KO'Bu 24 £5 88 £ 1 discussed later. This mechanism was also computed for each
10 Ro/ KO'Bu B2 29+ 16 active species in Chart 1 with the exception of 1P and 1L
11 none KO'Bu 0 (Figures 7, S1, $60).%°
12 none none 0

“Conditions: 0.5 mol % catalyst, 2 mol % base (1f specified), 2 mL of
toluene, 0.83 mmol of substrate, 110 °C, 4 h. 32 bafer adding 1 mL of
acetone. “Conversions to acetophenone were calculated using 'H
NMR using the peaks associated with starting substrate and
acetophenone (see the Experimental Section for details), performed
in triplicate. “Prepared ex situ. “Average of two runs. fRu =
Ru(H)(CI)(CO)(PPhy);. "

make comparisons between the ligands (if each catalyst
quantitatively converted the substrate, comparisons would be
challenging). Additionally, acetophenone is not prone to the
dehydrogenative coupling, so efficiencies of secondary
reactions occurring after initial dehydrogenation steps will
not complicate our comparison. As will be described in the
“Discussion” section, we suspected that poor conversions were
due to a competitive transfer hydrogenation reaction with
acetophenone (reverse reaction). Therefore, we also con-
ducted transfer dehydrogenation (TD) reactions with acetone
and the aforementioned catalysts (Table 2).

Density Functional Theory Study. We performed a DFT
study of the activated complexes in Chart 1, with the exception
of 1P and 1L,* for both inner-sphere and stepwise outer-
sphere mechanisms for dehydrogenation with 1PhEtOH
(Schemed 11 and 12) (see the Experimental Section for
details). A different methodology was used for Iso1Q and is
not considered further (see the Supporting Information).

Summary of Computed Stepwise Outer-Sphere
Mechanism. The outer-sphere dehydrogenation mechanism

Summary of Computed Inner-Sphere Mechanism.
The first step in the inner-sphere dehydrogenation mechanism
(Scheme 11, Figure 3, blue) is coordination of 1PhEtOH to
1Py to form 3Py (AG®° = 9.2 kcal/mol). Following the
coordination, a proton transfer to the methylene carbon on the
ligand (TSp,.pr) (AG*¥ = 18.4 kcal/mol) produces alkoxide
intermediate 4aPy. The benzyl alcohol derivative of this
species was observed by Milstein at low temperature,” and
Gusev has characterized the ethoxide complex (analogous to
4aPy in Scheme 11) under catalytically relevant condi-
tions.””"? Collectively, these results agree with our DFT
results that the alkoxide complex is in a well of the overall
inner-sphere reaction coordinate (AG® = 10.3 kcal/mol, Figure
3).

The next process in the inner-sphere mechanism is an NEt,-
arm dissociation (TS,,). Note that there are a number of
factors increasing the NEt, arms’ lability. Namely, the trans
effect from —P'Bu, and the cis effect from the alkoxide are both
expected to enhance the lability of the NEt, arm. As such, the
barrier for dissociation of the NEt, arm is low (TS,, ) (AGF =
1.8 kcal/mol), and the transition state vibration resembles the
motion expected for pyramidal inversion rather than an “arm
swing” (Figure S3). After dissociation, a vacant site for f-
hydride elimination becomes available on 16-e” intermediate
5Py (AG® = 10.9 kcal/mol). The f-hydride elimination step
occurs through a four-centered transition state (TS, ) (AG*
= 5.4 kcal/mol) resulting in release of acetophenone and cis-
dihydride complex 6Py (AG® = 14.5 kcal/mol). Isomerization

Scheme 11. Computed Inner-Sphere (Blue) and Stepwise Outer-Sphere Mechanisms®”
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Scheme 12. Computed Pathways for H, Release”
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Figure 3. Computed stepwise outer-sphere (red) and inner-sphere (blue) mechanisms of dehydrogenation with 1Py (see Scheme 11).

of the cis-dihydride to trans-dihydride complex 2Py was
optimized as a single step wherein the N arm coordinates
during isomerization.

Importantly, the ability for 1Q®™/Ph to dissociate the
amine ligand is significantly diminished to the point that it is
not relevant, and complexes SQ*/F/Ph and TS, Q'B*/Pr/Ph
could not be optimized in silico. We interpret this as support

for our hypothesis that it is unreasonable for 1Q/P/Ph to

3634

perform dehydrogenation via an inner-sphere mechanism. This
mechanism was also computed for each active species in Chart
1 with the exception of 1P and 1L (Figures 3, 7, and $S60).”

Summary of H, Elimination. 2Py can eliminate H,
through several potential pathways; seven of these are
discussed (Scheme 12, Figure 4) below:

(1) H, can be eliminated directly in a unimolecular
dearomatization MLC step (TSy, AGY 25.8 kcal/mol,

https://dx.doi.org/10.1021/acs.organomet.0c00327
Organometallics 2020, 39, 3628—3644
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Figure 4. Computed direct (red), reductive elimination (blue),
alcohol-assisted (green), and TD (black) mechanisms of H, release
from 2Py (see Scheme 12).

relative to 2) (Scheme 12, Figure 4, red) and is referred to as
the “direct” mechanism.

(2) 2Py can dissociate the NEt, arm and isomerize to cis-
dihydride 6Py (AG® = 14.5 kcal/mol, Figure 4, blue), wherein
6Py reductively eliminates H, to form a Ru(0) complex 8Py
(AG® = 14.7 kcal/mol) through TScicn» (AG* = 10.3 kcal/
mol). 1Py can be reformed through an intramolecular
oxidative addition across the C—H on the ligand (TSg,,
AG* = 29.6 kcal/mol) (Scheme 12, Figure 4, blue). As this
pathway contains an unreasonably high barrier energy of 29.6
kcal/mol, it is unlikely to be the pathway for H, release. A
similar high transition state was computed for an OA step
(AG* = 41.6 kcal/mol unassisted) for an analog to Milstein’s
catalyst, and it was similarly concluded that this is not a
reasonable path.*®

(3) Another possible fate of Ru(0) species 8Py is OA of an
alcohol. A concerted OA would result in an axial CO position
(as opposed to the usual basal position). Stepwise alcohol OA
would likely initiate with metal protonation, forming cationic
[{PyNP}Ru(II)(CO)(H)][OR] (4c), similar to species 4b.
The outer-sphere alkoxide in 4c could deprotonate the
methylene arm resulting in free alcohol and reforming of
1Py through a transition state much like TSpp pr and TSgg pr-
Another possibility is that the alkoxide could migrate to a
coordination site trans to the hydride resulting in formation of
4a, essentially isomerizing through a transition state like
TS4p.40- This process would bypass 1Py and close the cycle.
Given the similarities of these TS and intermediates to those
already computed, none of these paths were computed but
they are possible and represent a potential lower path than the
“direct” H, elimination step.

(4) In the presence of an “H,” acceptor such as acetone, 2Py
can lose “H,” via a transfer hydrogenation of acetone (Scheme
12, Figure 4, black). Transfer of the hydride to acetone
proceeds through TSyp.ur (AG* = 20.7 kcal/mol) and results
in zwitterionic sigma complex 7Py (AG°® = 19.1 kcal/mol).
Proton transfer from the ligand to the isopropoxide via
TStp.pr (AG¥ = 0.4 keal/mol) results in reformation of 1Py
and release of isopropanol.

(5) TD can also occur by an inner-sphere mechanism for
1Py, which shares identical steps to the reverse of inner-sphere
dehydrogenation of 1PhEtOH except that the phenyl is
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substituted for a methyl (blue line in Figure 3), so it was not
computed.

(6) A sixth possibility is the “alcohol-assisted mechanism”.
In such a mechanism, a catalytic IPhEtOH molecule transfers
its: O—H proton to the hydride (TS,.pr;) (AGT = 24.8 kcal/
mol), generating an H, adduct with an alkoxide counterion
(9Py) (AG® = 23.9 kcal/mol) (Scheme 12, green). This is
followed by deprotonation of the ligand by the alkoxide
(TSppr2) (AGT = 0.3 kcal/mol) resulting in release of
1PhEtOH and the H, adduct of 1Py (10Py) (AG® = 8.4 kcal/
mol). Dissociation of H, regenerates 1Py.

It should be noted that a catalytic ROH acceptor/donor
(e.g, ethanol, 1PhEtOH, tert-butanol, water, etc.) can change
the barrier for any step involvin% the transfer of a hydrogen
nucleus through ROH assistance. ' ”'****73% Experimentally,
the energy change can be as much as S kcal/mol for the
associated AG¥ when including H-bond acceptor/donor for
proton shuttling.*” These paths are stepwise, with computed
concerted paths now recognized to be artifacts of gas-phase
optimizations.40

(7) Alternatively, the alkoxide in 9Py can displace H, to
form the previously mentioned coordinated alkoxide inter-
mediate 4aPy, which can undergo dehydrogenation via an
inner-sphere pathway. This mode of H, release is notably
unique in that it bypasses the regeneration of 1Py allowing for
a mechanism that is completely free of aromatization/
dearomatization steps altogether. Gusev has studied this
process and demonstrated that both routes, A/D MLC and
non-A/D MLC, are viable.?’

While there are many possible H, elimination pathways, it is
noteworthy that the lower energy paths involve catalytic
substrate or a sacrificial acceptor molecule (acetone) and that
the highest energy paths are unimolecular. In fact, some
proposed paths indicate autocatalytic behavior (alcohol-
assisted paths).”’ In part, the complexity afforded from these
many H, elimination pathways is what makes differentiating
inner- versus outer-sphere mechanisms difficult. Testing these
various paths is not part of this study, which is focused on amine
arm dissociation inhibition through planar-locked Ru pincer
complexes.

B DISCUSSION

There are several conceivable mechanisms involved in the
dehydrogenation of alcohols with Ru-PNN pincer catalysts.
One of these includes the concerted outer-sphere mechanism.
This process has a single transition state exemplified in Shvo’s
catalyst.'® Others have recently shown that the concerted
mechanism in (de)hydrogenations is not feasible for other
systems and instead proceed via stepwise outer-sphere
mechanisms. This has been demonstrated for Ru-PNN pincer
complexes such as 1Py.'”*° The stepwise mechanism breaks
the transfer of the two H-nuclei into two separate steps with a
high-energy zwitterionic sigma complex intermediate (Int S in
ref 20; 4bPy here). As a high-energy intermediate, this
zwitterionic sigma complex may collapse into an O-bound Ru-
alkoxide (Int 4 in ref 20; 4aPy here). Hence, the observation of
Ru-alkoxide species under catalytically relevant conditions is
fully consistent with both outer- and inner-sphere pathways.
The inner-sphere path involves a key dissociation step of an
auxiliary ligand-arm from a Ru-alkoxide complex to create a
vacant coordination site that is followed by beta-hydrogen
elimination (Scheme 11, blue). Differentiating these inner- and

https://dx.doi.org/10.1021/acs.organomet.0c00327
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outer-sphere paths, either experimentally and computationally,
has been a challenge.

A classic way to differentiate these operative mechanisms is
to use kinetic isotope effects (KIE). For instance, Casey
demonstrated the viability of a concerted mechanism on Shvo’s
catalyst using KIE and stands as one of the only bona fide
examples of such a concerted transfer.”” Following similar
strategies, Szymczak demonstrated that the inner-sphere path
is the mechanism in 1PhEtOH dehydrogenation on a Ru-
NNN system.”> As with any mechanism, it is likely that
multiple paths are occurring with one being favored over the
others and constitutes one reason that KIE can be difficult to
interpret. Instead, it is our intention that by using planar-
locked, quinoline-derived Ru-PNN complexes (Chart 1) some
clues as to the favored path can be discovered. The variations
and properties of the complexes are briefly discussed
immediately below, and then a discussion regarding our
experimental and DFT comparison follows.

Structural Comparisons. We prepared the new precata-
lyst complexes and characterized them with a battery of typical
spectroscopic techniques. Overall, the spectroscopic and
structural properties are similar to the parent 1PyCl system
published by Milstein and co-workers (Table 1).° However, a
few notable differences are observed and best described
pictorially (Figure S). Of note is the “tilt” (®) of the CI-Ru

Cl
N@ Il?u
®Ry/
Complex 0 (°) Complex d(A)
1QCl 89 1LCI1 0.316
1Q**Cl 83 1Q™CI 0.269
1QPCl 77 1Is01QCl  0.207
1Is01QCl 70 1Q'*rCl1 0.167
1PyCl 68 1PC1 0.148
1PCl 52 1QCl1 0.117
1LCI1 51 1PyCl 0.057

Figure 5. The “tilt” angle © (left), defined as the angle between the
Cl-Ru bond and the plane formed by the pyridine ring, and the
deviation from displacement of the Ru atom from the same plane (d)
(right) were determined from crystallographic measurements of the
precatalysts; each parameter is listed in decreasing magnitude.

bond with respect to the plane formed by the pyridine ring.
This parameter can be thought of as a combination of the
steric bulk from the substituted phosphine and the geometry
imposed by the specific PNN ligand. The efficiency of
1PhEtOH dehydrogenation correlates well with this angle,
with the exception of 1PyCl (Figure 6). Although interesting,
this correlation may have little to no implications on the
mechanism, but it does visually indicate that 1PyCl is unique
compared to the other six precatalysts. The other notable
structural difference is the displacement (d) of the Ru atom
from the plane formed by the pyridine ring.**

Reactivity Comparisons. With the exception of parent
catalyst 1PyCl, our finding is that the other six complexes
(1QB/*/PhC, 11s01QCI, 1PCl, and 1LCl) and the Ru
precursor Ru(H)(Cl)(CO)(PPh;), are poor catalysts for the
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Figure 6. Dehydrogenation conversion plotted against © (see Figure
3) for 1LCl, 1PCl, 1Is01QCl, and 1Q*Cl (R = ‘By, ‘Pr, and Ph).

dehydrogenation of 1PhEtOH (Table 2).*” There are several
possible explanations.

One possible explanation is that dearomatized 16-e”
complexes analogous to 1Py cannot form or are not
catalytically relevant. For instance, even though 1Q, 1Q™,
and 1L are stable complexes, 1Q prepared independently was
not as active as 1Q prepared in situ using 1QCI and base
(Table 2, entries 3 and 4). In contrast, 1Py prepared
independently or in situ from 1PyCl and base functioned the
same in 1PhEtOH dehydrogenation (Table 2, entries 1 and 2).
However, analogous 1IsolQ and 1P compounds were
unstable, but nevertheless the associated precatalysts out-
performed 1QRCl in acceptor-less 1PhEtOH dehydrogenation
catalysis. Thus, the different catalytic performances cannot be
directly related to the different reactivities of the 16-e”
complexes. Additionally, the 16-e™ complexes may not be the
active catalysts. Instead, dihydride 2Py may act as the catalyst.
However, the implication of this is not studied herein.

A second possible explanation for the different reactivity is
that 1Py or 2Py is not involved in 1PhEtOH dehydrogenation
and that some other intermediate uniquely accessible to
Milstein’s catalyst is involved. For instance, Keith and
Chianese and co-workers showed that in the presence of
PCy;, 1Py dehydroalkylates into catalytically relevant complex
1Py™" (Scheme 2).”* The quinoline- and bidentate pyridine/
lutidine-derived systems cannot dehydroalkylate, serving as
one possible explanation for the observed poor catalysis.
However, the isoquinoline complex (1Is01Q) can dehydroal-
kylate, but it was similarly not very effective. Unfortunately, the
relevance of the dehydroalkylated species cannot be inferred
here, especially since dehydroalkylation required exogenous
phosphine.”*

A third explanation for the different reactivity is that 1Py has
access to a low-energy inner-sphere path that the other six
catalysts cannot access. For example, Q systems are unable to
perform inner-sphere dehydrogenation because they are
planar-locked. Since these catalysts cannot operate through
an inner-sphere mechanism, they are likely proceeding through
an outer-sphere mechanism. Anecdotally, our limited efforts to
chemically induce dissociation of PPh; from 1L, 1LCl, and
1PCl were unsuccessful (vide supra) indicating inert
dissociative properties.

Transfer Dehydrogenation Studies. We confirmed that
1PyCl and 1Py were effective catalysts for 1-hexanol
dehydrogenative coupling to ensure our methodology

https://dx.doi.org/10.1021/acs.organomet.0c00327
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Figure 7. Computed mechanisms of dehydrogenation with 1Py (outer-sphere (black) and inner-sphere (blue)) and Q® (R = ‘Bu (red), ‘Pr (green),
and Ph (yellow)) (see Schemes 11 and 12 for mechanism pathways).

(quantitative conversion to hexyl hexanoate under identical
conditions in Table 2).° Hence, the incomplete dehydrogen-
ation of 1PhEtOH with 1PyCl (43:57 mixture of product to
substrate) suggested that an equilibrium is being established
with acetophenone. We tested this by performing the
dehydrogenation reaction with a 50:50 mixture of product/
substrate, and this ended at a 60:40 mixture (10% conversion).
We also charged normal catalytic runs with additional
1PhEtOH after the yield plateaued and observed the ratio
ended at 40:60. Together, these suggest that the system
approaches an equilibrium with acceptor-less dehydrogenation
initially occurring until eventually evolution of H, from 2Py
cannot outcompete the backward reaction with acetophenone.
We isolated 2Py and found that it converts slowly at room
temperature into 1Py with loss of H, in benzene (54 h, 25%
conversion), consistent with our own DFT and literature.”*°
However, 2Py converted into 1Py in just over 1 h if treated
with acetone.*’ These results support multiple dihydride-
dehydrogenation pathways for 2Py and are fully consistent
with our DFT computations (vide infra).

When acetone was included in the reaction, conversions
were dramatically improved, even for some of the catalysts that
otherwise were ineffective for acceptor-less 1PhEtOH dehy-
drogenation (Table 2). For example, 1PCl and 1LCl
catalytically convert 1PhEtOH on par with 1PyCl with 88%
conversion and 1Q™"Cl had nearly a 10-fold increase. A small
increase in conversion was observed for Ru(H)(CI)(CO)-
(PPh,); (29% conversion),”* while 1Iso1QCl, 1QCI, and
1Q™Cl were largely unaffected.

Insights from Computations. The inner-sphere mecha-
nism could not be calculated for the quinoline catalysts, Q® (R
= Ph 'Pr, and ‘Bu). While this is not definitive evidence that the
Q" system cannot dehydrogenate through an inner-sphere
pathway, it does provide a good basis that the quinoline
catalysts are proceeding through an alternative pathway. One
of these alternatives is the outer-sphere mechanism. Evidence
for this path may be found by observing the effect of steric bulk
on QR catalysts. For example, increasing steric bulk in Q® (R =
'Pr < ‘Bu) resulted in less conversion within 4 h (Table 2). The
DFT computed outer-sphere AG¥ for TSqgpr (in keal/mol)
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are 18.0 and 24.4 for R = 'Pr and ‘Bu, respectively, and these
are consistent with the observed catalytic performance, Q™" >
Q'®". While this does not provide definitive evidence, an outer-
sphere mechanism is expected to be inhibited by steric bulk.
Therefore, it is reasonable to assume that an outer-sphere
mechanism is operative for Q® catalysts.

In comparing the reaction coordinates between the Py and
QR systems, it is apparent that the inner-sphere path is more
favorable (Scheme 11 and Figure 7, blue). Dihydride 2 is the
most stable complex along the reaction coordinate and there
are several conceivable paths forward (vide supra). Further-
more, 2Py can even proceed through inner-sphere TD paths
that the QR system does not have access to (reverse of blue
mechanism in Figure 7, but with acetone instead of
acetophenone).

An additional point regarding the poor performance of the
Q" system is that of the alkoxide intermediates. The
zwitterionic intermediate (4b) can isomerize to the alkoxide
complex (4a) (Figure 7, TSsp.4.). Gusev has calculated this
barrier to be 3.7 kcal/mol with an ethanol derivative of 4bPy
(Int 5, ref 20). Our calculations show this barrier (TS,.4,) to
be 2.9 kcal/mol, which is in competition with TSgg.yr (AGF =
2.7 kcal/mol).

As such, it is likely that the quinoline derivatives of 4b could
be isomerizing to 4a. For the Py system, this is not an
impedance because the alkoxide species is an intermediate that
lies directly on an accessible inner-sphere pathway. In contrast,
the planar-locked catalysts (i.e.,, Q%) and those with inert PPh,
ligands (i.e, 1L and 1P) must proceed through high-energy
transition states and intermediates with Ru-bound alkoxides
being off-path intermediates.

Limitations in Mechanistic Insight. The mechanistic
landscape of any system is expected to be complicated;
therefore, the results of this study should be considered with
this in mind. Mechanisms can change dramatically with small
changes in ligand structure, conditions, and substrate. We
attempted to control for ligand structure changes by including
isoquinoline (1IsoQI1Cl) and bidentate (1PCl and 1LCl)
systems. These had marginally better efficiencies than the Q®
system in acceptor-less dehydrogenation but were otherwise

https://dx.doi.org/10.1021/acs.organomet.0c00327
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similarly behaved (Figure 6); thus, they have limited value in
drawing conclusions about mechanisms. Additionally, there are
other possible mechanistic paths and/or caveats that we did
not fully explore in this work. (a) For instance, the role of base
was not considered in this study. While both 1Py and 1PyCl
functioned the same in 1PhEtOH dehydrogenation (Table 2,
entries 1 and 2), 1Q and 1QCI did not (Table 2, entries 3 and
4). This might indicate that the outer-sphere mechanism is
facilitated or initiated in some fashion with base. In fact, a role
of alkoxide base was recently discovered and rationalized by
Gusev.”’ (b) We did not explore possible mechanisms that
involve C—C bond coupling of the phosphine arm’s methylene
carbon to the ketone product carbonyl carbon atom.” (c)
Another notable phenomenon is that Milstein’s catalyst was
the only catalyst tested that can dehydrogenate 1-hexanol; the
other catalysts were tested but did not dehydrogenate 1-
hexanol. This may suggest a unique property of Milstein’s
catalyst, such as dehydroalkyation® or other unexpected
reactivities, that our six catalysts do not possess.

B CONCLUSIONS

We designed and used structurally analogous planar-locked
quinoline ligands that do not have access to inner-sphere
alcohol dehydrogenation mechanisms. The experimental
results indicate that inhibiting amine arm dissociation
negatively impacts the catalytic activity compared to systems
that can operate through inner-sphere paths. We rationalized
this on the basis that quinoline-derived pincer complexes
(1Q®CI) must proceed through the energetic outer-sphere
reaction profile, whereas the Py system has access to both
paths, with the inner-sphere path calculated as being favorable.

According to literature and our computations, both inner-
and outer-sphere paths share common Ru-bound alkoxide
intermediates (4a). In the outer-sphere mechanism, these form
as off-path species via isomerization of the key high-energy
zwitterionic outer-sphere intermediate (4b). For the Q®
system, these Ru-bound alkoxides inhibit catalysis because
they cannot progress to product through the inner-sphere steps
and must isomerize back into the high energy zwitterionic
intermediate. This contrasts the Py system that can progress to
product through inner-sphere paths by its equivalent alkoxide
intermediate. Hence, an additional explanation for the poor
performance of QR system is the presence of low-energy off-
path alkoxide intermediates (4aQ®) resulting from their
planar-locked nature.

Isoquinoline (1Iso1QCl), picoline (1PCl), and lutidine
(1LCI) PNN and PN complexes were prepared to control for
changes in aromatization/dearomatization chemistry. The
three other complexes (1IsolQCl, 1PCl, and 1LCl) had
greater catalytic performance compared to that of 1QXCI, but
they did not perform nearly as well as 1PyCl. The mechanistic
landscape of a single catalytic process can be dizzyingly
complex with multiple pathways and connections between
those pathways, and comparisons between multiple catalysts
may be unreliable. While we have provided evidence to
support a favored inner-sphere pathway for 1PhEtOH
dehydrogenation with Milstein’s catalyst (1Py), there are still
other possibilities.

B EXPERIMENTAL SECTION

General Methods. All reagents were purchased from commercial
sources and used as received unless otherwise noted. Anhydrous
solvents were dried and obtained from a PPT solvent purification
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system and stored over 3 A molecule sieves inside of a glovebox
(stabilizers in THF and diethyl ether are thus removed before use).
Molecular sieves were activated at 200 °C under vacuum (<100
mTorr) for 3—4 days prior to use. HPLC-grade acetone was dried
overnight over Na,SO, and degassed with freeze—pump—thaw cycles.
Organic syntheses were performed open to air unless otherwise noted.
Ru(PPh;);(H)(CO)(CI),* PyNP, and its complexes were prepared
according to literature.® 1,3-Dimethylisoquinoline was prepared
according to literature.>’ Ruthenium compounds were synthesized
and manipulated under nitrogen in a VAC Genesis glovebox. NMR
spectra were collected on a Varian Mercury-300 MHz or Inova-400
MHz spectrometers. FTIR-ATR spectra were collected inside of a
VAC Atmospheres glovebox using a Bruker Alpha IR spectrometer
with the “ATR Platinum” insert adapter (diamond crystal). UV—vis
spectra were collected in an Agilent 8154 spectrophotometer. High-
resolution mass spectrometry of precatalyst compounds was
conducted in DCM using an FTICR Bruker 12 T mass spectrometer.

Crystallography. Low-temperature X-ray diffraction data for
1Q™Cl (Rlacyll, CCDC 1987652), 1Is01QCl (Rlacy40, CCDC
1987644), 1LCI (Rlacy41, CCDC 1987647), 1QCl (Rlacy42, CCDC
1987648), 1Q™*CI (Rlacy50, CCDC 1987649), and 1PCl (Rlacy51,
CCDC 1987651) (Supporting Information) were collected on a
Rigaku XtaLAB Synergy diffractometer coupled to a Rigaku Hypix
detector with either Mo Ka radiation (1 = 0.71073 A) or Cu Ka
radiation (4 = 1.54184 A), from a PhotonJet microfocus X-ray source
at 100 K. The diffraction images were processed and scaled using the
CrysAlisPro software.** The structures were solved through intrinsic
phasing using SHELXT™ and refined against F,* on all data, by full-
matrix least-squares with SHELXL"” following established refinement
strategies.** All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms bound to carbon were included in the model at
geometrically calculated positions and refined using a riding model.
The hydride H atoms were located on the difference map and refined
upon freely. The isotropic displacement parameters of all (non-
hydride) hydrogen atoms were fixed to 1.2 times the U, value of the
atoms they are linked to (1.5 times for methyl groups).

Dehydrogenation Procedure. In a glovebox, a 25 or 50 mL
Schlenk tube was charged with a fresh stir bar and 2 mL (0.0042
mmol, 0.5 mol %) of a stock solution of 1Py, 1PyCl, 1Q*CI (R = ‘Buy,
"Pr, and Ph), 1Q, 1Is01QCI, 1PyCl, 1PCL or 1LCl in dry toluene via
a syringe. To this solution was added 0.83 mmol of 1PhEtOH, and
KOBu (2 mg, 2 mol %) was added last. The apparatus was then
sealed with a rubber septum and brought outside the glovebox where
it was put under a positive pressure of argon via a Schlenk line. The
tube was immersed in an oil bath that was heated beforehand to 110
°C and was vigorously stirred for 4 h. After 4 h, the reaction was
allowed to cool room temperature and then immediately concentrated
under a stream of air. Each catalyst was tested in triplicate when
conversions were high or duplicate otherwise.”> TD reactions were
performed by the same procedure except that 1 mL of degassed and
dried acetone was included in the mixture. No other byproducts were
observed in resulting residues (Figure SS5). After each experiment the
tubes were washed with acetone, water, concentrated nitric acid,
water, and acetone before placing them in an oven (~150 °C) for at
least 1 h to remove residual water.

Determination of Percent Conversion. A '"H NMR spectrum
(CDCl;) was taken of the resulting oil from the dehydrogenation
reaction and the diagnostic peaks [(2.61 ppm, s (CH,),
acetophenone; 1.50 ppm, d (CH,), ] = 6.4 Hz, 1PhEtOH)] were
integrated and summed to 100. The integration of the peak
representing acetophenone was then taken as the percent conversion
(Figure SSS).

Computational Methods and Results. All calculations for the
Py and Q® (R = ‘By, 'Pr, Ph) systems were performed using ORCA
4.2.1/Chemcraft 1.8 programs (see the Supporting Information for
I1501Q).*® Geometry optimizations were performed in the solution
phase at the PBEO/BSI level (BSI designates the basis set
combination of def2-ECP for Ru* and def2-SVP*° for nonmetal
atoms) with solvation effects from toluene via the CPCM model®’
and dispersion effects from the Becke-Johnson damping scheme
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(D3BJ).>* Additionally, a larger integration grid was used (Grid4 in
ORCA). Frequency calculations were performed to confirm the
structures to be minima (no imaginary frequency) or transition states
(one appropriate imaginary frequency). The energy results of the
geometry calculations were further refined by performing single point
energy (SPE) calculations at the PBEO/BSII level (BSII designates
def2-ECP for Ru* and def2-TVPP*° for nonmetal atoms). Solvation
effects of toluene were calculated using the CPCM continuum solvent
model.>' Dispersion corrections were applied using the Becke-
Johnson damping scheme (D3BJ).* A large integration grid was used
(GridS in ORCA). IRC calculations were performed to ensure the
transition states calculated connect the respective reactant to product.
Standard state conversions (SSC) were applied to the final energies of
each complex. Only reactions where the number of moles changed
were corrected. For example, in association reactions An = —1, R;T
In(R,TA") = —1.89 kcal/mol (298 K) (R, = 8.31447 J K~  mol™, R, =
0.08206 L atm K~! mol™").>?

The reaction coordinate for dehydrogenation of various alcohols
and amines with 1Py through f-hydride elimination and a stepwise
outer-sphere has been investigated by others in the literature."®”"” We
replicated these reaction coordinates with 1Py, 1Q® (R = By, 'Pr, and
Ph), and 1Is01Q. The reaction coordinate diagram was normalized to
the starting complexes’ free energy (1Py, 1Q® (R = By, ‘Pr, and Ph),
1Is01Q) and encompasses the net balanced reaction, with each step
containing the free energies of the organometallic complex and the
appropriate small molecule(s).

Synthesis of Quinoline-Derived Compounds. Synthesis of 8-
Nitro-2-methylquinoline. The synthesis of 8-nitro-2-methylquinoline
was achieved using a published procedure.’® The resulting product
was obtained in moderate yields (60—72%) and required no further
purification.

Synthesis of 2-Methyl-8-aminoquinoline. A 100 mL round-
bottomed flask was charged with 1.0 g (5.3 mmol) of 2-methyl-8-
nitroquinoline, 95 mg (1.1 mmol) of 5% by wt Pd/C, and 10 mL of
degassed EtOH under a flow of argon. The flask was evacuated and
backfilled with H, via a balloon three times. The reaction was heated
to 50 °C and stirred vigorously for 4 h, after which the flask was
cooled to room temperature. The flask was then evacuated and
backfilled with argon three times. The reaction was then quickly
filtered through Celite open to air, and the resulting yellow filtrate was
reduced to dryness in vacuo to a yellow oil. This oil readily changes
color and was therefore used immediately in the following procedure.
'"H NMR spectra of the crude yellow oil matched those from
commercial vendors and contained only the desired product.

Synthesis of N,N-Diethyl-2-methylquinolin-8-amine. A 500 mL
round-bottomed flask was charged with freshly prepared 2-methyl-8-
aminoquinoline 840 mg (5.3 mmol) and 60 mL of glacial acetic acid
and then placed under an argon atmosphere. The reaction vessel was
cooled to 0 °C, and S equiv (1.0 g, 26 mmol) of NaBH, was added
slowly. After complete addition, the cold bath was removed, and the
reaction was stirred for 1 h. Another S equiv (1.0 g, 26 mmol) of
NaBH, was added slowly, and the reaction was then heated to 60 °C.
After 1 h of stirring, another S equiv (1.0 g, 26 mmol) of NaBH, was
added slowly at 60 °C. The reaction was stirred overnight at 60 °C,
after which another S equiv (1.0 g, 26 mmol) of NaBH, was added
slowly at 60 °C and stirred for 1 h. The reaction was cooled to room
temperature and basified to >12 pH using 10 M NaOH open to air.
The organic product was extracted with hexanes, and the combined
organic layers were washed with brine and dried over Na,SO,.
Concentration of the dried organic layer in vacuo gave a yellow oil
which was purified by column chromatography (10% ethyl acetate in
hexanes) to yield 248 mg (38%) of product. 'H NMR (400 MHyg,
CDCly): 8, ppm 7.96 (d, Juy = 8.4 Hz, 1H, quin-H7), 7.31 (qdt, Jun
= 4.6, 4.9, 5.4 Hz, 2H, quin-H4 quin-H6), 7.22 (d, Jyy = 8.4 Hz, 1H,
quin-H3), 7.06 (dd, Jyy = 1.8, 7.2 Hz, 1H, quin-HS), 3.56 (q, Juy =
7.0 Hz, 4H, N(CH,CH,),), 2.73 (s, 3H, quin—CHj,), 1.16 (t, Juy =
7.0 Hz, 6H, N(CH,CH,),). *C{'"H} NMR (75 MHz, CDCL,): §,
ppm 156.01 (s, quin-C2), 147.03 (s, quin-C8), 142.81 (s, quin-C8a),
136.43 (s, quin-C4), 127.87 (s, quin-C4a), 125.31 (s, quin-C6),

3639

121.39 (s, quin-C7), 119.99 (s, quin-C3), 117.67 (s, quin-CS), 46.78
(s, N(CH,CH,),), 25.72 (s, quin-CHjy), 12.07 (s, N(CH,CHj,),).

Synthesis of 2-((Ditertbutylphosphaneyl)methyl)-N,N-diethylqui-
nolin-8-amine (QNP). In a nitrogen-filled glovebox, a 100 mL round-
bottomed flask was charged with 100 mg (0.48 mmol) of N,N-diethyl-
2-methylquinolin-8-amine and 10 mL of THF and cooled to 0 °C.
Next, 190 uL of 2.5 M n-BuLi in hexanes was added to the round-
bottomed flask dropwise via syringe with stirring at 0 °C, turning the
yellow solution dark red. After the addition, the reaction was stirred
for 1 h at 0 °C and then further cooled to —78 °C. A solution of 90
uL of P("Bu),Cl in S mL of THF was added dropwise with stirring at
—78 °C. The resulting dark red solution was stirred overnight and
allowed to warm to room temperature. The reaction was then brought
out of the glovebox, and 10 mL of degassed water was added via
syringe. The resulting organic product was extracted via cannula
transfer into an argon-purged Erlenmeyer flask containing Na,SO,.
The remaining aqueous layer was washed with degassed DCM (3 X
10 mL), and the organic products were combined and dried over the
Na,SO, under argon on a Schlenk line. Concentration in vacuo
yielded an orange-red oil. This residue was brought into a nitrogen-
filled glovebox, and no purification was needed, (149 mg, 89%).
3Ip{'"H} NMR (121 MHz, CDCl;): §, ppm 34.99 (s). "H NMR (400
MHz, CDCL): 8, ppm 7.96 (d, Juy = 8.5 Hz, 1H, quin-H7), 7.56 (d,
Jun = 8.5 Hz, 1H, quin-H3), 7.37—7.24 (m, 2H, quin-H4, quin-H6),
7.06 (dd, Jigy = 7.1, 1.9 Hz, 1H, quin-HS), 3.54 (q, Juy = 7.1 Hz, 4H,
N(CH,CH,),), 329 (d, Jpy = 3.8 Hz, 2H, CH,P), 1.22—1.12 (m,
24H, P(C(CH;);),), N(CH,CH),).

Synthesis of 2-((Diphenylphosphaneyl)methyl)-N,N-diethylqui-
nolin-8-amine (QNP™). In a nitrogen-filled glovebox, 300 mg (1.4
mmol) of N,N-diethyl-2-methylquinolin-8-amine was dissolved in 10
mL of freshly dried THF. This solution was added to a 50 mL
addition funnel, equipped with a flea stir bar, and placed on its side in
a cold well chilled to 0 °C. To this solution, n-BuLi (558 uL 2.5 M
hexanes, 1.4 mmol) was slowly added over the course of S min. The
resulting dark red solution was stirred for 2 h at 0 °C and then cooled
to —78 °C. In a separate round-bottomed flask, PPh,Cl (0.250 mL,
1.4 mmol) was dissolved in 10 mL of THF and cooled to —78 °C.
The red quinoline mixture was added to the PPh,Cl solution
dropwise over 30 min at —78 °C. After the addition, the reaction
vessel was allowed to warm to room temperature with stirring
overnight. The reaction vessel was then brought out of the glovebox
and connect to a Schlenk line for anaerobic workup. To the reaction,
10 mL of degassed water was added, and the resulting organic layer
was extracted via cannula transfer. The remaining aqueous layer was
washed with DCM (3 X 10 mL), and the combined organic layers
were dried over Na,SO,. This solution was transferred via cannula to
an argon-filled Schlenk flask where it was concentrated under vacuum.
The resulting residue was brought into a nitrogen-filled glovebox and
purified by recrystallization from diethyl ether at —35 °C to yield off-
white crystals (317 mg, 57%). *'P{'"H} NMR (121 MHz, CDCL): §,
ppm —11.11 (s). "H NMR (400 MHz, CDCL): §, ppm 7.91 (d, Jyy =
8.4 Hz, 1H, quin-H7), 7.49-7.44 (m, 4H, P(0-C¢Hs),), 7.35—7.21
(m, 9H, P(m-C¢Hs), P(p-C4Hs),), quin-H3, quin-HS, quin-H6),
7.02 (dd, Juy = 1.5, 7.5 Hz, 1H, quin-H4), 3.86 (d, Jpy = 1.2 Hz, 2H,
CH,P), 3.44 (q, Juu = 7.0 Hz, 4H, N(CH,CH,),), 1.19 (t, Jyy = 7.02
Hz, 6H, N(CH,CHj,),). *C{'H} NMR (75 MHz, CDCL): §, ppm
155.48 (d, Jpc = 8.6 Hz, quin-C2)), 147.22 (s, quin-C8), 142.72 (s,
quin-C8a), 138.35 (d, Jec = 14.7 Hz, P(C¢H;)), 136.58 (s, quin-C4),
132.91 (d, Jpc = 18.9 Hz, P(0-C¢Hy)), 128.52 (d, Joc = 16.9 Hz, P(m-
CsHs)), 128.32 (s, P(p-C¢Hs)), 128.11 (s, quin-C4a), 125.66, quin-
C6), 121.47 (d, Jpc = 6.6 Hz, quin-C3), 119.71 (s, quin-C7), 117.53
(s, quin-CS), 46.46 (s, N(CH,CH,;),), 40.06 (d, Joc = 16.1 Hz,
CH,P), 12.18 (s, N(CH,CH,),).

Synthesis of 2-((Diisopropylphosphaneyl)methyl)-N,N-diethyl-
quinolin-8-amine (QNP™). QNP was synthesized using the same
procedure as QNP with the exception of P(‘Bu),Cl being substituted
for P("Pr),Cl. Purification was achieved by washing the resulting oil
with diethyl ether (3 X S mL) to give 120 mg (78%) of product.
SIP{"H} NMR (121 MHz, CDCl,) 8, ppm 11.82 (s). 'H NMR (300
MHz, CDCl;) 6, ppm 7.97 (d, Juy = 8.5 Hz, 1H, quin-H7), 7.44 (d,
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Jun = 8.5 Hz, 1H, quin-H3), 7.36—7.28 (m, 2H, quin-H4, quin-H6),
7.06 (d, Jyy = 7.1 Hz, 1H, quin-HS), 3.58 (q, Jyq = 7.0 Hz, 4H,
N(CH,CHy),), 3.21 (d, Joi = 2.9 He, 2H, CH,P), 1.83 (qd, Jem, pr =
7.1, 2.0 Hz, 2H, P(CH(CH,;),),), 1.16 (t, Jug = 7.0 Hz, 6H), 1.09 (t,
Jun = 6.9 Hz, 6H, N(CH,CH,;),), 1.0 (dd, Jpy py = 8.8, 7.1 Hz, 6H,
P(CH(CHs),),).

Synthesis of (CO)(CI)(H)(QNP)ruthenium(ll) (1QCI). In a nitrogen-
filled glovebox, S0 mg (0.14 mmol) of QNP ligand and 130 mg (0.14
mmol) of Ru(PPh;);(H)(CO)(Cl) was mixed together in 4 mL of
THEF in a 25 mL sealed pressure vessel. The solution was stirred at 65
°C for 16 h, after which the reaction was filtered and the resulting
filtrate concentrated in vacuo to ~0.5 mL. Diethyl ether (2 mL) was
added, and the resulting yellow/orange solid was collected on a glass-
fritted funnel and washed with ether (3 X S mL) to yield 44 mg
(60%). Crystals suitable for diffraction or further purification was
obtained by recrystallization from DCM with diethyl ether diffusion.
SIP{'H} NMR (121 MHz, CDCL;): §, ppm 111.04 (d, Jpy = 14.3 Hz).
'"H NMR (300 MHz, CDCLy): &, ppm 8.10 (d, J = 8.7 Hz, 1H, quin-
H7), 7.69 (ddd, Jiyy = 7.6, 6.3, 1.2 Hz, 2H, quin-H3, quin-HS), 7.59—
7.47 (m, 2H, quin-H4, quin-H6), 4.37—4.24 (m, 1H, N(CHHCHS,),),
3.95-3.70 (m, 2H, CHHP, N(CHHCHy,),), 3.60 (dd, Jpy, uy = 16.6,
10.9 Hz, 1H, CHHP), 3.24 (ddd, Juyq = 12.2, 7.0, 2.4 Hz, 1H,
N(CHHCH,;),), 3.09—2.96 (m, 1H, N(CHHCH,),), 1.78 (t, Juy =
7.0 Hz, 3H, N(CH,CH,;),), 149 (d, Jpy = 13.7 Hz, 9H,
P(C(CH,)3),), 122 (d, Jpu = 13.1 Hz, 9H, P(C(CH,)3)y), 1.05 (4,
Jau = 7.0 Hz, 3H, N(CH,CHj,),)), —15.19 (d, Jpy = 25.9 Hz, 1H).
FTIR-ATR: 1882 cm™" (vco). HRMS (FT-ICR-MS): [(C,,H;iN,P)-
(CO)(H)Ru]" ([M — CIJ*) m/2Z(touna) = 489.160321, m/Z(cqea) =
489.16087.

Synthesis of (CO)(CI)(H)(QNP?")ruthenium(ll) (1Q?"Cl). In a
nitrogen-filled glovebox, 64 mg (0.18 mmol) of QNP ligand and
170 mg (0.179 mmol) of Ru(PPh;);(H)(CO)(Cl) were mixed in 4
mL of THF in a 25 mL sealed pressure vessel. The solution was
stirred at 65 °C for 12 h, after which the reaction was filtered. The
resulting orange solid was collected on a glass-fritted funnel and
washed with ether (3 X S mL) to yield 64 mg (63%) of a bright
orange solid. Crystals suitable for diffraction were grown by layering a
DCM solution under hexane. *'P{'"H} NMR (121 MHz, CDCL,): §,
ppm 74.51 (s). '"H NMR (400 MHz, CDCL,): §, ppm 8.16 (d, Jiy =
8.6 Hz, 1H, quin-H7), 8.01—-7.93 (m, 2H, P(0-C4Hs),), 7.75 (d, Juu =
8.2 Hz, 1H, quin-HS), 7.72 (d, Jyy = 7.4 Hz, 1H, quin-H4), 7.59 (t,
Juu = 8.9 Hz, 1H, quin-H6), 7.56 (d, Juy = 7.8 Hz, 1H, quin-H3),
7.51-7.45 (m, 2H, P(0-C¢Hs),), 7.43—7.40 (m, 3H, P(m-C¢Hs),,
P(p'CGHS)a)! 7.33-7.31 (mz 3H, P(m'céHs)br P(p'CGHS)b)z 4.59 (dd)
Jou, uu = 9.7, 18.4 Hz, 1H, CHHP), 4.40 (dd, Jpy uy = 122, 17.5 Hz,
1H, CHHP), 4.26 (ddd, Juy = 7.0, 11.8, 14.3 Hz, 1H,
N(CHHCH,;),), 3.81 (td, Juy = 7.0, 19.5 Hz, 1H, N(CHHCH,),),
3.35-3.23 (m, 1H, N(CHHCH,),), 3.14-3.04 (m, 1H, N-
(CHHCH,),,), 1.83 (t, Juy = 6.4 Hz, 3H, N(CH,CH,),), 1.09 (t,
Jau = 6.8 Hz, 3H, N(CH,CH,),,), —14.14 (d, Jpu = 26.0 Hz, 1H,
RuH). FTIR-ATR: 1909 cm™' (vco). HRMS (FT-ICR-MS):
[(CoeHyN;P)(CO)(H)RuJ* ([M — CI) m/2(gnq) = 529.09746,
M/ Z(geay = 529.09772. ' 4

Synthesis of (CO)(CI)(H)(QNP™)ruthenium(ll) (1Q*'Cl). 1Q®**Cl
was synthesized using the same procedure as used for 1QCL
Purification was achieved via recrystallization from DCM with diethyl
ether layering to yield 38 mg (44%) of product. *'P{'"H} NMR (121
MHz, CDCLy): §, ppm 100.80 (s). 'H NMR (300 MHz, CDCl,): §,
ppm 8.09 (d, Juy = 8.4 Hz, 1H, quin-H7), 7.71 (d, Juy = 7.8 Hz, 1H,
quin-H3), 7.69 (d, Juy = 7.2 Hz, 1H, quin-H4) 7.55 (t, Jyy = 7.8 Hz,
1H, quin-H6), 7.48 (d, Jyy = 8.5 Hz, 1H, quin-HS), 4.16 (dq, Juy =
114, 7.2 Hz, 1H, N(CHHCH,),), 3.84 (m, 2H, N(CHHCH,),,
CHHP), 3.60 (dd, Jug = 17.2, 10.5 Hz, 1H, CHHP), 3.26 (m, 1H,
N(CHHCH,),), 3.11-2.86 (m, 2H, N(CHHCH,),, P-
(CH(CHy),).), 2.17 (dp, Jpuun = 113, 6.7 Hz, 1H), P-
(CH(CH,) ), 1.79 (t, Juu = 7.0 Hz, 3H, N(CH,CHS,),), 1.51 (dd,
Juau = 17.0, 7.4 Hz, 3H, P(CH(CH,;),),), 1.32 (dd, Juy = 12.4, 7.2 Hz,
3H, P(CH(CH,),),), 1.19-1.03 (m, 6H, P(CH(CH,),), N-
(CH,CH,),), 0.85 (dd, Jo, 1t = 153, 68 Hz, 3H, P(CH(CH,),),),
—14.81 (d, Jpy = 23.6 Hz, 1H, RuH). FTIR-ATR: 1889 cm™! (o).
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HRMS (FT-ICR-MS): [(CyH3N,P)(CO)(H)Ru]* ([M — CI]*) m/
Z(tound) = 461129021, m/z(cyeq) = 461.12957.

Synthesis of (CO)(H)(QNP')ruthenium(ll) (1Q). In a nitrogen-filled
glovebox, 39 mg (0.074 mmol) of 1QCI was dissolved in 2 mL of
THF in a 20 mL screw-capped vial. The solution was cooled to —35
°C, and 8 mg (0.074 mmol) of KO'Bu was added. The resulting dark
red solution was stirred at —35 °C for 4 h. Afterward, the reaction was
filtered and the resulting filtrate was concentrated in vacuo to ~0.5
mL. Petroleum ether (2 mL) was added and the resulting black solid
was filtered off and discarded. The red filtrate was concentrated in
vacuo to yield 29 mg (81%) of product. *'P{"H} NMR (121 MHz,
C,Dy): 5, ppm 98.7 (s). 'H NMR (300 MHz, C,Dy): &, ppm 6.74
(dd, Juu = 5.4, 3.3 Hz, 1H, quin-H7), 6.49 (s, 1H, quin-H3), 6.49 (s,
1H, quin-HS), 6.41 (d, Juy = 2.0 Hz, 1H, quin-H6), 6.39 (s, 1H, quin-
H4), 3.86 (d, Jgg = 2.3 Hz, 1H, CHP), 3.57-3.43 (m, 1H,
N(CHHCH,),), 3.24—3.08 (m, 1H, N(CHHCH,),), 2.77 (dddd, Juy
=117, 8.9, 7.0, 3.8 Hz, 2H, N(CH,CH,),,), 1.32 (d, Jpy = 11.5 Hz,
9H, P(C(CH,);),), 1.28 (d, Joy = 12.0 Hz, 9H, P(C(CH,);),), 1.07
(t, Jug = 7.0 Hz, 3H, N(CH,CH,),), 0.50 (t, Juy = 7.2 Hz, 3H,
N(CH,CH,),), —25.02 (d, Jpy = 27.7 Hz, 1H). FTIR-ATR: 1897
em™! (Vo).

Synthesis of (CO)(H)(QNP'™)ruthenium(ll) (1Q""). The synthesis
of 1Q™ followed the same procedure as that for 1Q, and 10 mg
(71%) (15 mg, 0.02 mmol scale) of product was recovered as a dark
red residue. *'P{'H} NMR (121 MHz, C,Dy): &, ppm 61.41 (d, Jp; =
12.9 Hz). '"H NMR (300 MHz, C,D;) &, ppm 7.95-7.83 (m, 2H,
P(0-C¢Hy),), 7.85—7.73 (m, 2H, P(0-C¢Hs),), 7.13—6.93 (m, 7H,
P(m-C4Hs),, (p-CgHs), quin-H7), 6.81 (dd, ] = 6.4, 2.1 Hz, 1H,
quin-H4), 6.62 (s, 1H, quin-H3), 6.51—6.41 (m, 2H, quin-H6, quin-
HS), 4.33 (d, oy = 2.5 Hz, 1H, CHP), 3.53 (p, Juu = 8.1, 7.3 Hz, 1H,
N(CHHCH,),), 3.12 (dt, Jyy = 14.1, 7.0 Hz, 1H, N(CHHCH,),),
2.86 (td, Jigy = 7.3, 3.6 Hz, 2H, N(CH,CH,),), 0.96 (t, Ji = 7.0 Hz,
3H, N(CH,CH,),), —0.01 (t, Juq = 7.2 Hz, 3H, N(CH,CH,),),
—22.70 (d, J = 34.0 Hz, 1H, RuH).

Synthesis of Isoquinoline-Derived Compounds. Synthesis of
1-Bromomethyl-3-methylisoquinoline and 3-Bromomethyl-1-
methylisoquinoline. An argon-filled 250 mL two-necked round-
bottomed flask equipped with a condenser was charged with 600 mg
(3.82 mmol) of 1,3-dimethylisoquinoline, S0 mL of CCl,, 687 mg
(3.82 mmol) of NBS, and 93 mg (0.382 mmol) of benzoyl peroxide.
The resulting mixture was stirred at 80 °C overnight. Afterward, the
reaction was cooled to room temperature, and a tan solid was filtered
off open to air. The filtrate was concentrated in vacuo and redissolved
in 100 mL of benzene. This solution was washed with NaHCO; (3 X
50 mL) and brine (3 X 50 mL), and was dried over Na,SO,.
Concentration in vacuo gave a dark orange oil with a roughly 50:50
mixture of each monobrominated isomer. Separation of the 3-bromo
product was achieved using column chromatography (10% ethyl
acetate in hexanes). I1-Bromomethyl-3-methylisoquinoline (136 mg,
15%). '"H NMR (300 MHz, CDCly): §, ppm 8.20 (d, J; = 84 Hg,
1H, isoquin-H8), 7.77 (d, Juy = 8.0 Hz, 1H, isoquin-HS), 7.69—7.64
(m, 1H, isoquin-H6), 7.64—7.55 (m, 1H, isoquin-H7), 7.47 (s, 1H,
isoquin-H4), 5.02 (s, 2H, CH,Br), 2.69 (s, 3H, isoquin—CHj). 3-
Bromomethyl-1-methylisoquinoline (163 mg, 18%). 'H NMR (300
MHz, CDCL): §, ppm 8.12 (d, Jyy = 8.2 Hz, 1H, isoquin-H8), 7.79
(d, Jun = 8.7 Hz, 1H, isoquin-HS), 7.67 (dt, Juy = 8.1, 1.2 Hz, 1H,
isoquin-H6), 7.63 (s, 1H, isoquin-H4), 7.59 (d, Juy = 6.9 Hz, isoquin-
H7), 470 (s, 2H, CH,Br), 2.97 (s, 3H, isoquin-CHj).

Synthesis of N-Ethyl-N-((1-methylisoquinolin-3-yl)methyl)-
ethanamine. To a 50 mL round-bottomed flask open to air was
charged 10 mL of THF and 120 mg (0.508 mmol) of the bromo
methyl isoquinoline. The solution was then cooled to 0 °C before
0.12 mL (1.12 mmol) of diethylamine was added dropwise. The
solution was stirred overnight and allowed to slowly warm to room
temperature. The resulting suspension was concentrated in vacuo, and
50 mL of diethyl ether was added. This solution was washed with 3 X
15 mL 1 M NaOH and 3 X 15 mL saturated brine, and the combined
organic layers were dried over Na,SO,. Concentration in vacuo
provided mostly pure material, which was purified through column
chromatography (75% ethyl acetate, hexanes) to give S3 mg (46%) of

https://dx.doi.org/10.1021/acs.organomet.0c00327
Organometallics 2020, 39, 3628—3644



Organometallics

pubs.acs.org/Organometallics

N-ethyl-N-((3-methylisoquinolin-1-yl)methyl)ethanamine or 69 mg
(59%) of N-ethyl-N-((1-methylisoquinolin-3-yl)methyl)ethanamine.
N-Ethyl-N-((1-methylisoquinolin-3-yl)methyl Jethanamine: 'H NMR
(300 MHz, CDCly): 6, ppm 8.08 (d, Jyy = 8.7 Hz, 1H, isoquin-
H8), 7.69 (d, Juy = 8.0 Hz, 1H, isoquin-HS), 7.59 (t, Jyy = 7.4 Hz,
1H, isoquin-H6), 7.49 (t, Juy = 8.4 Hz, 1H, isoquin-H7), 7.38 (s, 1H,
isoquin-H4), 3.85 (s, 2H, CH,N(CH,CH,),), 2.95 (s, 3H, isoquin—
CHsy), 2.66 (q, Jun = 7.5 Hz, 4H, N(CH,CHj,),), 1.10 (t, Juy = 7.1
Hz, 6H, N(CH,CH,),).

Synthesis of N-((1-((Ditert-butylphosphaneyl)methyl)-
isoquinolin-3-yl)methyl)-N-ethylethanamine (1-P-IsoQNP). In a
nitrogen-filled glovebox, a 100 mL round-bottomed flask was charged
with 100 mg (0.44 mmol) of N-ethyl-N-((1-methylisoquinolin-3-
yl)methyl)ethanamine and 10 mL of THF and cooled to 0 °C. The
solution was treated with n-BuLi (175 uL of 2.5 M in hexanes, 0.44
mmol) dropwise with stirring at 0 °C, causing a color change from
light to dark yellow. After the addition, the reaction was stirred for 1 h
at 0 °C and was then further cooled to —78 °C. A solution of 83 uL
(0.44 mmol) of P(‘Bu,)Cl in § mL of THF was added dropwise with
stirring at —78 °C. The resulting dark yellow solution was stirred
overnight and allowed to warm to room temperature. The reaction
was then brought out of the glovebox, and 10 mL of degassed water
was added under an argon atmosphere. The resulting organic product
was extracted via cannula transfer into an argon-purged Erlenmeyer
flask containing Na,SO,. The remaining aqueous layer was washed
with degassed DCM (3 X 10 mL), and the organic products were
combined and dried over Na,SO,. Concentration in vacuo yielded an
orange oil. This residue was brought into a nitrogen-filled glovebox,
and no further purification was needed (146 mg, 90%). *'P{'"H} NMR
(121 MHz, CDCL,): &, ppm 34.92 (s). "H NMR (300 MHz, CDCL):
5, ppm 8.45 (d, Jyy = 8.3 Hz, 1H, isoquin-H8), 7.75 (d, Jyy = 8.1 Hz,
1H, isoquin-HS), 7.60 (s, 1H, isoquin-H4), 7.57—7.48 (m, 2H,
isoquin-H6, isoquin-H7), 3.84 (s, 2H, CH,N(CH,CH;),), 3.65 (s,
2H, CH,P), 2.65 (q, Juu = 6.9 Hz, 4H, N(CH,CH,),), 1.17 (d, Jou =
10.8 Hz, 18H, P(C(CH,;),),), 1.10 (t, Jyg = 7.2 Hz, 6H,
N(CH,CH;,),).

Synthesis of (CO)(CI)(H)(1-P-IsoQNP)ruthenium(li) (1lso1QClI). In
a nitrogen-filled glovebox, 50 mg (0.13 mmol) of 1-P-IsoQNP ligand
and 121 mg (0.127 mmol) of Ru(PPh;);(H)(CO)(Cl) were mixed in
4 mL of THF in a 25 mL sealed pressure vessel. The solution was
stirred at 65 °C for 16 h, after which the reaction was filtered. The
resulting filtrate was concentrated in vacuo to ~0.5 mL. Diethyl ether
(2 mL) was added, and the resulting yellow/orange solid was isolated
on a glass-fritted funnel and washed with diethyl ether (3 X S mL) to
yield 64 mg (93%) of clean product. Crystals suitable for diffraction
were obtained by from DCM with hexane diffusion. *P{'H} NMR
(121 MHz, CDCL): &, ppm 107.01 (d, Jzq = 22.0 Hz). '"H NMR
(300 MHz, CDCL,): 8, ppm 8.12 (d, Jyy = 8.3 Hz, 1H, isoquin-H8),
7.79 (dd, Juy = 82, 1.5 Hz, 1H, isoquin-HS), 7.72 (ddd, J = 8.1,
6.7, 1.2 Hz, 1H, isoquin-H6), 7.64 (ddd, Juy = 8.2, 6.5, 1.6 Hz, 1H,
isoquin-H7), 7.53 (s, 1H, isoquin-H4), 5.44 (d, Jyy = 12.5 Hz, 1H,
CHHN), 4.08 (dd, Jpy uu = 17.3, 9.3 Hz, 1H, CHHP), 4.01-3.85
(m, 1H, N(CHHCH,),), 3.81 (dd, Juy = 14.1, 2.8 Hz, 1H, CHHN)),
3.58 (dd, Juy = 14.1, 7.1 Hz, 1H, N(CHHCH,),), 3.38 (dd, Jpy un =
17.3, 8.2 Hz, 1H, CHHP), 2.77 (q, Juy = 6.7 Hz, 2H, N(CH,CHj,),),
1.41 (d, Jou = 13.6 Hz, 9H, P(C(CH,)3),), 1.35 (d, Jpy = 13.1 Hz,
9H, P(C(CH,)5)y), 1.26 (t, Juy = 7.0 Hz, 3H, N(CH,CH,),), 1.13 (4,
Jun = 7.2 Hz, 3H, N(CH,CH,),), —15.55 (d, Jpy = 27.7 Hz, 1H,
RuH). FTIR-ATR: 1898 cm™' (vco). HRMS (FT-ICR-MS):
[(C23H37N2P)(CO)(H)Ru]+ ([M - Cl]Jr) m/Z(found) = 503.175971,
m/Z<Calcd') = 503.17652.

Synthesis of Pyridine-Derived Compounds. Synthesis of 2-
((Ditert-butylphosphaneyl)methyl)pyridine (PicP). In a nitrogen-
filled glovebox, a 100 mL round-bottomed flask was charged with 1.0
g (10.74 mmol) of 2-picoline and 10 mL of diethyl ether and cooled
to 0 °C. The picoline solution was subsequently treated with 4.3 mL
of 2.5 M n-BuLi in hexanes. After the addition, this solution was
stirred at 0 °C for 1 h before being cooled further to —78 °C. A
solution of 2.0 mL (10.74 mmol) of P‘Bu,Cl in 10 mL of diethyl ether
was added dropwise at —78 °C. After the addition, this solution was
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stirred overnight and allowed to slowly warm to room temperature.
The reaction was then brought out of the glovebox, and 10 mL of
degassed water was added under an argon atmosphere. The resulting
organic product was extracted via cannula transfer into an argon-
purged Erlenmeyer flask containing Na,SO,. The remaining aqueous
layer was washed with degassed DCM (3 X 10 mL), and the organic
products were combined and dried over Na,SO,. Separation by
cannula transfer and concentration in vacuo yielded an orange oil.
Vacuum distillation (<10 mmTorr) yielded a colorless oil (bp 88 °C)
which was pure product, (2.3 g 92%). *'P{'H} NMR (121 MHeg,
CDCl,): 8, ppm 36.24 (s). "H NMR (300 MHz, CDCL,): §, ppm 8.45
(d, Juu = 5.0 Hz, 1H, py-H6), 7.56 (dt, Jyy = 7.8, 1.9, 1.3 Hz, 1H, py-
H4), 7.43 (d, Juy = 7.2 Hz, 1H, py-H3), 7.03 (t, Juy = 6.8, 6.0 Hz,
1H, py-HS), 3.04 (d, Juu = 3.4 Hz, 2H, CH,P), 1.13 (d, Jpy = 10.9
Hz, 18H, P(C(CH,),),).

Synthesis of 2-((Ditert-butylphosphaneyl)methyl)-6-methylpyr-
idine (LutP). In a nitrogen-filled glovebox, a 100 mL round-bottomed
flask was charged with 200 mg (1.86 mmol) of 2,6-lutidine and 5 mL
of diethyl ether and cooled to 0 °C. The lutidine solution was
subsequently treated with 746 uL of 2.5 M n-BuLi in hexanes. After
the addition, this solution was stirred at 0 °C for 1 h before being
cooled further to —78 °C. A solution of 355 uL (1.86 mmol) of
P'Bu,Cl in S mL of diethyl ether was added dropwise at —78 °C. After
the addition, this solution was stirred overnight and allowed to slowly
warm to room temperature. The reaction was then brought out of the
glovebox, and 10 mL of degassed water was added under an argon
atmosphere. The resulting organic product was extracted via a cannula
transfer into an argon-purged Erlenmeyer flask containing Na,SO,.
The remaining aqueous layer was washed with degassed DCM (3 X
10 mL) and the organic products were combined and dried over
Na,SO,. Separation by cannula transfer and concentration in vacuo
yielded a pale yellow solid. Passing this yellow solid through a plug of
alumina using petroleum ether gave a white solid after concentration
in vacuo, which was pure product (443 mg, 95%). *'P {'H} NMR
(121 MHz, CDCl,): §, ppm 35.26. '"H NMR (300 MHz, CDCL,): §,
ppm 7.44 (t, Jyy = 7.7 Hz, 1H, py-H4), 7.28 (d, Jyy = 7.7 Hz, 1H, py-
H3), 6.89 (d, Juy = 7.6 Hz, 1H, py-HS), 3.03 (d, Jpy = 3.4 Hz, 2H,
CH,P), 249 (s, 3H, py-CH;), 1.13 (d, Jyy = 11.0 Hz, 18H,
P(C(CH,);),). C {'H} NMR (75 MHz, CDCL,): §, ppm 136.18
(py-C4), 120.85 (s, py-C3), 120.71 (s, py-CS), 119.88 (s, py-C3),
119.86 (s, py-C6), 31.60 (d, Jpc = 10.3 Hz, P(C(CH,),),), 29.64 (d,
Joc = 132 Hy, P(C(CH,),)), 29.64 (4, Joc = 132 Hy, py-CH,P),
24.49 (s, P(C(CH,)s),)-

Synthesis of (CO)(Cl)(H)(PicP)(PPhs)ruthenium(ll) (1PCl). In a
nitrogen-filled glovebox, 50 mg (0.42 mmol) of PicP ligand and 360
mg (0.379 mmol) of Ru(PPhs);(H)(CO)(Cl) were mixed in 4 mL of
THEF in a 25 mL sealed pressure vessel. The solution was stirred at 65
°C for 16 h, after which the reaction was filtered and the resulting
filtrate was concentrated in vacuo to ~0.5 mL. Petroleum ether (2
mL) was added slowly, and the resulting solid was filtered and washed
with petroleum ether (3 X S mL) to yield 92 mg (73%) of clean
product. Crystals suitable for diffraction were obtained from DCM/
petroleum ether. *'P{'"H} NMR (121 MHz, CDCl,): §, ppm 98.71 (d,
Jor = 280 Hz, P('Bu),), 37.58 (d, Jpu = 273 Hz, PPh,). 'H NMR (300
MHz, CDCLy): 6, ppm 7.95 (d, Juy = S.7 Hz, 1H, py-H6), 7.67 (td,
Jun = 7.4, 3.5 Hz, 6H, P(0-(C4Hs),)), 7.41—7.12 (m, 11H, py-H4, py-
H3, P(m-(C6H5)3), P(P'(C6H5)3)): 641 (t, Jun = 6.6 Hz, 1H, py-
HS), 3.57-3.43 (m, 1H, CHHP), 3.37 (dd, Jpu un = 16.1, 7.3 Hz,
1H, CHHP), 1.33 (dd, Joy = 56.5, 13.3 Hz, 18H, P(C(CHs;),),),
—14.46 (dd, Jpy = 23, 22 Hz, 1H, RuH). FTIR-ATR: 1916 cm™
(vco). HRMS (FT-ICR-MS): [(C,,H,,NP)(PPh;)(CO)(H)Ru]*
(IM = CIJ*) m/2z(tounq) = 630.162309, m/z(1cq)y = 630.16286.

Synthesis of (CO)(CI)(H)(LutP)(PPhs) ruthenium(ll) (1LCl). In a
nitrogen-filled glovebox, 100 mg (0.398 mmol) of LutP ligand and
360 mg (0.318 mmol) of Ru(PPh;);(H)(CO)(Cl) were mixed in 4
mL of THF in a 25 mL sealed pressure vessel. The solution was
stirred at 65 °C for 16 h, after which the reaction was filtered. The
resulting filtrate was concentrated in vacuo to ~0.5 mL. Petroleum
ether (2 mL) was added, and the resulting solid was filtered and
washed with petroleum ether (3 X S mL) to yield 145 mg (67%) of
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clean product. Crystals suitable for diffraction were obtained from
DCM/petroleum ether. *'P{'"H} NMR (121 MHz, CDCl,): §, ppm
92.25 (d, Jpu = 280 Hz), 35.69 (d, Jpy = 280 Hz). '"H NMR (300
MHz, CDCL): &, ppm 7.61 (t, Juy = 8.4 Hz, 6H, P(o-(C¢Hs),)),
7.43=7.13 (m, 11H, py-H4, py-H3, P(m-(C4Hs);), P(p-(C¢Hs)s))),
6.62 (d, Juy = 7.6 Hz, 1H, py-HS), 3.84—3.69 (m, 1H, CHHP), 3.57
(dd, Jou, nu = 16.1, 7.5 Hz, 1H, CHHP), 2.52 (s, 3H, py—CH), 1.32
(d, Jou = 12.9 Hz, 18H, P(C(CH,;)5))), —14.79 (dd, Jpy = 28.2, 18.8
Hz, 1H, RuH). FTIR-ATR: 1924 cm ™" (vco). HRMS (FT-ICR-MS):
[(Cy5Ha6NP)(PPhy) (CO)(H)RuJ' (M — CUY) m/Z(gnt) =
644.177959, m/Z(cyeq) = 644.17851.

Synthesis of (CO)(H)(LutP)(PPh3)ruthenium(ll) (1L). In a nitrogen-
filled glovebox, 15 mg (0.022 mmol) of 1LCI was dissolved in ~0.75
mL of C,Dg in a 20 mL screw-capped vial. To this solution was added
2.5 mg (0.022 mmol) of KO'Bu. The resulting dark green solution
was stirred at room temperature overnight. Afterward, the forest green
solution was charged to a screw-capped NMR tube. *'P{'H} NMR
(121 MHz, C,Dy): 8, ppm 118.16 (d, Jpy = 235 Hz), 54.76 (d, Joy =
234 Hz). "H NMR (300 MHz, C,Dy): 5, ppm 7.63 (ddd, Ju = 10.0,
6.6, 3.0 Hz, 6H, P(0-(C¢Hs)3)), 7.03—6.87 (m, 9H, P(m-(C¢Hs)s),
P(p-(CeHs)3)), 6.55 (t, Jun = 7.7 Hz, 1H, py-H4), 5.80 (d, Juy = 7.7
Hz, 1H, py-H3), 5.74 (d, Juy = 7.8 Hz, 1H, py-HS), 1.67 (d, Jp; = 3.3
Hz, 1H, CHP), 1.62 (s, 3H, py—CH;), 1.32 (d, Joy = 13.5 Hz, 9H,
P(C(CHs3)3),), 1.07 (d, Jou = 13.4 Hz, 9H, P(C(CH,;),),), —14.34
(dd, Jeir = 22.5, 19.1 Hz, 1H, RuH). FTIR-ATR: 1897 cm™ (v¢o).
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