GDCh
7

Research Articles

Internati

How to cite: Angew. Chem. Int. Ed. 2021, 60, 16035-16043
International Edition: doi.org/10.1002/anie.202103550
German Edition: doi.org/10.1002/ange.202103550

Manganese-Catalyzed Hydroborations with Broad Scope

Pradip Ghosh and Axel Jacobi von Wangelin*

In memory of Kilian Muiiiz

Abstract: Reductive transformations of easily available oxi-
dized matter are at the heart of synthetic manipulation and
chemical valorization. The applications of catalytic hydro-
functionalization benefit from the use of liquid reducing agents
and operationally facile setups. Metal-catalyzed hydrobora-
tions provide a highly prolific platform for reductive valor-
izations of stable C=X electrophiles. Here, we report an
especially facile, broad-scope reduction of various functions
including carbonyls, carboxylates, pyridines, carbodiimides,
and carbonates under very mild conditions with the inexpen-
sive pre-catalyst Mn(hmds),. The reaction could be success-
fully applied to depolymerizations.

Introduction

The availability of selective reduction reactions is at the
heart of chemical transformations, derivatizations, and valor-
izations. Combinations of inexpensive and non-toxic catalysts,
easily available reductants, and mild reaction conditions may
provide especially sustainable synthesis routes toward val-
uable chemical entities. Over the past decades, metal-
catalyzed hydrogenations and hydrofunctionalizations have
emerged as powerful reduction tools with wide applicability
to bulk chemicals, fine chemicals, pharmaceuticals, agro-
chemicals, and materials.""?) Hydroboration reactions have
taken a prominent position by virtue of the wide availability
of boranes, their low toxicity, the high reactivity toward
various unsaturated molecules, and the high levels of selec-
tivity control. Metal-catalyzed hydroborations operate at
relatively mild conditions in the absence of hazardous
reagents such as volatile gases, pyrophoric metals or reactive
metal hydrides.** Many Lewis acidic main group metal
catalysts and mostly late-transition metal catalysts were
success-fully employed. Earth-abundant metal complexes
(e.g. Fe, Co, Ni, Cu, Zn, Mg, Al) exhibited good activities in
hydroborations of various C=C, C=0O, C=N, and other
unsaturated bonds.”! Our group employed the commercially
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available metal amide LiN(SiMe;), (lithium hexamethyldisi-
lazide, Li(hmds)) to catalytic hydroborations of nitriles to
amines.” The catalyst was especially active toward aromatic
nitriles while aliphatic nitriles, esters, and other carbonyl
derivatives showed low conversions. Related reactions were
reported with other alkali/alkaline earth metal complexes,
albeit the protocols were mostly limited to activated electro-
philes. A common feature of all reports of catalytic hydro-
borations of polar C=X bond motifs is the employment of
catalysts that bear a strongly basic, mostly anionic ligand that
appears to be crucial to the activation of the poorly
nucleophilic borane. Selected examples include amides,
amidinates, iminates, alkyls, hydrides, and alkoxides.®!
Simple binary metal amide salts were recently reported as
efficient hydroboration catalysts (M =Li, Mg, Fe, La and
Y).*7 Manganese, being the 3™ most abundant transition
metal and non-toxic in most compounds, is rather under-
utilized as hydrofunctionalization catalyst.””'” There is
a handful of reports on Mn-catalyzed hydroborations of
alkenes, carbonyls, and carboxylate derivatives that employ
sophisticated pincer-type ligands and/or require the addition
of co-catalytic bases or reductants to assure high catalyst
activity and selectivity (Scheme 1).') We surmised that the
combination of the rich coordination chemistry of transition
metal ions with the stereo-electronic and physical properties
of the hexamethyldisilazide may enable an effective yet
operationally simple hydroboration protocol based on the
following conditions: i) the catalyst can be prepared by anion
metathesis from commercial Li(hmds) and an inexpensive,
non-toxic 3d metal salt; ii) the bulky amide may form active
borate complexes, create a lipophilic catalyst periphery that
enhances solubilization, and prohibit catalyst aggregation
under the reducing conditions; #ii) the catalytic hydroboration
operates under mild conditions without sophisticated addi-
tives/ligands. Herein, we document the benefits of using
a most user-friendly protocol for broad-scope hydroborations
of various unsaturated C=X bonds. The simple pre-catalyst
Mn(hmds), enabled clean reductions of diverse sets of
carbonyls, carboxylates, pyridines, carbodiimides, carbonates,
and polymer degradations but fully tolerated halides, arenes,
and alkenes (Scheme 1, bottom right).

Results and Discussion

We initiated our study of hydroboration reactions of
a small set of electrophilic substrates with pinacolborane,
pinBH, in the presence of simple metal salt catalysts
(Table 1). In extension of previously reported hydroborations
of nitriles with the inexpensive catalyst Li(hmds), we
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Scheme 1. Top: Catalytic hydroborations of polar substrates as a key strategy of reduction and valorization. Center: Recently reported Mn catalysts
for C=X hydroborations. Bottom: Lipophilic and basic metal-hmds salts as inexpensive catalysts for C=X hydroborations.

Table 1: Survey of metal/amide catalysts for carbonyl group hydro- employed alternative metal salts bearing the same lipophilic,

borations. H H bulky, and Lewis basic ligand hmds. Transition metal-hmds
[cat] ) complexes can easily be prepared by anion metathesis of the
©/ 2.1 equiv. HBpin ©)<N(Bpm)z corresponding metal halides with Li(hmds) and precipitation
1a CeDg, 20°C,20 h 2a of insoluble lithium halides (Scheme 2). We have prepared
o] H H
[cat] . . . .
OEt —————————— OBpin + EtOBpin SiMe;  ngylj SiMe; MX, Me;Si, ,SiMe;
©)L 2.1 equiv. HBpin ©)< HN\ ) —> Li—N S /N—M—N\
3a CsDg, 20°C, 20 h 4a SiMe; SiMe;  (Mn,Fe,Co)  Me,si SiMe;
4 2x
[cat.] . R.N R,
"Bu0” “O"BU 31 equiv. HBpin XOBpln * 2"BuOBpin A\ ,H\MnN N, Me;Si, SiMe
5a C4Ds, 20 °C, 20 h 6a RZN /| H_/ N > pinBH Megsi, N SiMe;
" n \Mr{ in =B ./N_M\ /M_N\ §
N [cat.] | B . | | (R = SiMej3) \N/ o \NR2 M= Mn Me,Si /N\ SiMe,
| J  2equiv. HBpin NH S [MnH(hmds)]s R Me;Si' SiMe;
r:a CeDs, 80°C, 721 8Bap|n E:‘m Scheme 2. Synthesis of various metal hexamethyldisilazides, M-
(hmds), .12
Entry Catalyst (mol %) Yield of hydroboration [%]"!
2a 4a 6a 8a
. _ 0 0 0 0 the 3d-metal complexes M(hmds), (M =Mn, Fe, Co) which
2 HN(SiMe,), (10) 0 0 0 0 exist as dimer or higher aggregates in solution."" Further, we
3 LiN(SiMe;), (10) 95 61 79 <5 have employed the recently reported hexanuclear cluster
4 Fe[N(SiMe;),], (5) 48 68 <5 454 MnH(hmds), that bears the key component of a hydrobora-
3 Co[N(SiMe,),]; (5) o120 <5 55[:'d] tion reaction: a metal ion for substrate coordination, an active
3 m:g\:z(s(;'\g;m]z ) 39 39 (9)9 33 “ hydride liggnd, and the e'lmide for bprane activation. Aggin,
3 MnBr, (5) + LiN(SiMey), (10) 87 64 77 -5 the synth.es1s can be easﬂy_acco_mphshed by a _formal anion
9 MngH[N (SiMe;),]s (0.83) 98 99 99 911 metathesis of Mn(hmds), with pinacolborane (pinBH).!'” We

(2] Conditions: 0.2 | substrate. 2.0-3 1 equlv HBom. catalvst investigated a set of diverse substrates in metal-catalyzed
af Conaitions: U.Z mmol substrate, 2.U-5.1 equiv pin, catalyst, . ° ) e
0.6 mL [Dgbenzene. [b] "H-NMR yields vs. internal hexamethylbenzene. hydro-borations at 20-50°C (Table 1): Benzonitrile (1), ethyl

[c] Ratios of regioisomers 8a:8a’ >90/10 (by 'H NMR). [d] Further benzoate (3), di-n-butyl carbonate (5), and 4-methylpyridine
unidentified products. (7). While the Li(hmds)-catalyzed reaction was not effective
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for pyridines, Fe" and Co" bis(hexamethyldisilazides) exhib-
ited significantly lower reactivity with benzonitrile and the
carbonate (entries 4, 5). Clean and high-yielding formation of
the respective alkoxyboronate and amidoboronate hydro-
boration products 2, 4, 6, and 8, respectively, under mild
conditions was only observed with Mn catalysts (entries 6, 9).
Other boranes (i.e. H;N-BH;, Me,NH-BH;, catechol-borane)
gave significantly lower conversion. Importantly, the combi-
nation MnBr,/Li(hmds) did not allow pyridine conversion
while being effective for hydroborations of 1, 3, and 5
(entry 8). The  hexanuclear cluster =~ MnHg(hmds),
(0.83 mol %), bearing a basic amido ligand and an active
hydride per Mn", afforded excellent yields of all four

reduction products (entry 9). These observations bear special
significance as the very few literature reports of Mn catalysts
involve sophisticated ligand design for achieving high cata-
lytic activity."” The optimized conditions were applied to
diverse substrates under air- and moisture-free conditions
(Scheme 3). The hydroboration of aromatic and aliphatic
nitriles afforded very high yields of the desired primary
amines (Scheme 3, top), with tolerance of I, Br, Cl, F, CF;,
thio-ether, cyclopropanes, and heterocycles. Ortho-substitut-
ed benzo-nitriles required slightly elevated temperatures.
This Mn(hmds), catalysis exhibited enhanced conversions of
aliphatic nitriles over the previous Li(hmds)-protocol. Bifunc-
tional substrates with nitrile and ketone, ester, pyridine

ag s R - .

* Nitriles N(Bpin); NBpin), K= Me: 79%, 99%, 44%22 (2n)

5 mol% Mn(hmds), H H F: 98%, 97%° (20)
N R= Me: 99%, 99% (2k) R
R 2.1 equiv. HBpin N(Bpin), OMe: 96%, 96%2 (21) Me
0 0, 0/.a
1 nee 0 2 F: 84%, 97% (2m) N(Bpin), \@/\N(B in)gM’ o
R i pin)2
' Y\N(Bpln)z N

/©/\N(Bpln)z R - va o~ .
- R= Me: 94%, 14%2 (21) n= 1: 98%, 72%? (2v) N(Bpin),

Ph: 54%, 74%", 23%>P (2u)

4: 85%, 14%° (2w) 36%, 81%P, 37%>P (2s)

R= H: 99%, 95% (2a)  F: 99%, 97%2 (2f) % H H
Me: 99%, 98%? (2b) Cl: 99%, 92% (29) R~ . . "
OMe: 98%, 90%2 (2c)  Br: 99%, 95% (2h) N{Bplr) LI weeeiny, H N(Bpin),
SMe: 94%, 86%° (2d) 1: 95%, 96%* (2i) R = OMe: 89%, 64%? (2x) X= 0: 97%, 94%° (2p) 95% (3.1 equiv.,
NMe;: 94%, 48%? (2e) CF3: 97%, 97% (2j) Cl: 83%, 0% (2y) S: 79%, 97%? (2q) OBpin from ketone)
e Esters e Amides
5 5 NMe; " HCI
5 mol% Mn(hmds), H H 5 mol% Mn(hmds), H H 42% (6
AL - + R'OBpin L o (6e)
R” TOR 2.1 equiv. HBpin R” “OBpin R™ "NR, 2.1 equiv. HBpin R” "NR;
benzene-dg, 20 °C, 20 h 4 5 benzene-dg, 50 °C, 20 h 6 ,L “Hel
OBpin OBpln NMe, 78% (6f)
o OBpin Q
96 % (49) H R R= H: 88% (6a)
R= H: 99%, 61%? (4a) Cl: 93% (6b) HMe:
i QEpIn N(Bpln)z cl + 6b + 6c
OMe: 93% (4c) 95% (4h) N
Cl: 96% (4d) s 98% (4.1 equiv., " j\ no amine
I: 97% (4e) @/\OBpin 84% (41 from nitrile) R= H: 81% (6c) Ph Npip scrambling
CF3: 96% (4f) F: 86% (6d)
* Pyridines R R= Me: 93%, 94:6 (8a:8a') 87%, 77:15:8
N 5 mol% Mn(hmds), Et: 93%, 93:7 (8b:8b') adadh (8i:8i":8i")
R_:\ e : + R— OMe: 57%, 90:10 (8c:8¢’)
N 2 equiv. HBpin h: 99% (8d) \ N N pinB
benzene-dg, 50 °C, 72 h Bpln Bpm Bpln c|=3 99% (3e) Bpin Bpin Bpin N
7 8
R R = H: 99%, 93:7 (8j:8j") Z
(:[ / Me: 90%, 93:7 (8k:8k’) H
N
(j/ (j/ (j/n Ph: 99%, 78:18:4 (8f:8':8f") .Bpin (Bpin),
Cl: 99%, 75:10:15 (89:89":89") Bpln pin @()“ 92% (4 equiv.,
Bpin  Bpin  Bpin Br: 99%, 77:15:8 (8h:8h":8h")  99% (8m) 99% (8n) BP'“ Z 99% (8l)  from nitrile)
e Stereoretentive hydroborations lo)
5 mol% Mn(hmds) ""Hl\o 10 mol% Mn(hmds), " . ‘w,,
/\rCN Sl Mni(mds /Y\ /Y\NH3CI f o Mn( )2 (\_OBpln Si0, (\OH
2.1 equiv. HBPin (Bpin), “4, 4.1 equiv. HBPin OBpin OH
hexane, 50 °C, 20 h 96% (NMR) 82% (isolated) 0 hexane, 50 °C, 20 h 98% (NMR) 87% (isol.)

Scheme 3. Mn(hmds),-catalyzed hydroboration of nitriles, esters, amides, and pyridines. "H-NMR yields vs. internal hexamethylbenzene. [a]
10 mol % Li(hmds) instead of [Mn]. [b] 50°C, 20 h. For details, see the ESI.
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functions, respectively, underwent clean reduction of all
functional groups.

Reactions of chiral nitriles proceeded with full stereo-
retention. (S)-(4)-2-Methyl butyronitrile was reduced at
50°C to the B-chiral butylamine in near-quantitative yield
([a)2k =6.2°, CH;OH).'! Catalytic hydroborations of car-
boxylates have recently been reported with transition metal
catalysts,'¥ bulky organo-magnesium,'*'” amidomagnesiu-
m,*1 and rare earth metal catalysts.”**1718 Catalytic Mn-
(hmds), enabled clean ester reduction with HBpin at room
temperature (Scheme 3, center). Alkanoates and benzoates
were reactive; halides, CF;, and heteroaryl substituents were
tolerated. The Li(hmds)-catalyzed reaction gave significantly
lower conversion. Reductions of chiral esters proceeded with
full stereoretention: (L)-(—)-lactide gave (S)-(—)-1,2-pro-
panediol in quantitative yield ([a]%, =29.2°, CHCL,).!! The
Mn-catalyzed hydroboration could also be applied to the
depolymerization of polyesters (Scheme 4). The reduction of
carboxamides typically requires harsher conditions due to the
higher resonance stabilization. Chemoselectivity issues may
arise from the reaction mechanism that may lead to aldehyde
or amine products. The catalytic deoxygenative hydrobora-
tion of amides to amines is a safe alternative to hydro-
genations or the use of LiAlH,. Rare earth metal catalysts
were recently reported;’**!1 an abnormal N-heterocyclic
carbene-potassium catalyst was active at 40°C;?! the combi-
nation KO'Bu/BEt; enabled amide reductions at 25-60°C
with pinacolborane;?!! 2.6-di-tert-butyl-phenolate lithium-
THF was catalytically active at 60°C.””! The simple pre-
catalyst Mn(hmds), proved active in the hydroboration of
alkyl and aryl carboxamides with pinacolborane to primary
amines in very good yields at 50°C (Scheme 3, center). The
reaction does not involve aldehyde or imine intermediates as
no scrambling of the alkylamine group was observed.

Catalytic reductions of pyridines and related N-hetero-
arenes constitute an attractive synthetic strategy of dearoma-
tization toward the formation of six-membered nitrogen-
containing heterocycles, a structural motif of utmost impor-
tance to bioactive molecules. Regioselective hydroborations
of pyridines with pinacolborane toward 1,4-dihydropyridines
operate with Ni, Ru, and Mg catalysts; La, Rh, Th, Zn, Fe and
Ni were employed for regio-selective 1,2-reductions.*!
Typically, the presence of Brgnsted basic or phosphine ligand
have enabled high 1,2-regio-selectivities and yields. When
subjecting the simple Mn complex Mn(hmds), to catalytic
hydroborations of pyridines, excellent yields and high regio-
control was observed at 50°C (Scheme 3, bottom). The
reaction tolerated Cl, Br, CF;, benzylic H groups and could
be extended to quinolines, isoquinolines, phenanthridines and
benzo[d]imidazoles. Regioselective 1,2-hydroborations were
highly favoured with 4-substituted N-heterocycles, electron-
with-drawing substituents, or benzanellated N-heterocycles.
Having explored the efficacy of Mn(hmds),-catalyzed hydro-
borations of carboxyl derivatives and pyridines, we turned our
attention to reductions of organic molecules bearing carbon
in its highest oxidation state +IV. Carbodiimides are the
nitrogen-homologues of carbon dioxide and find applications
as precursors to amidines, guanidines, and heterocycles and as
dehydration reagents.””! The hydroboration of carbodii-

e Carbodiimides

Bpin
R 5 mol% Mn(hmds), R—=N
N=C=N ’C: |
R 1.1 equiv. HBpin H R'
1 benzene-dg, 20-80 °C, 20 h 12
Bpin R=R'= Pr: 95%, 762 (12a)
R—N Bu: 78%P (12b)
/C:N\ Cy: >95% (12c)
H R' 2,6-Pr,CqH;:  83%P (12d)

R=Et R'=Bu: 92% (12e)

e Carbonates

o 5 mol% Mn(hmds),
pinBO  OBpin
0" o 3.1 equiv. HBpin R R & HH) OBpin
-..- benzene-dg, 20 °C, 20 h T H
9 10
pinBO OBpin pinBO, OBpin R—OBpin
_ R= Me: 93% (10j)
R 98% (10g) Et: 99% (10k)
R = H: 99% (10a) "Bu: 99%, 79%? (101)
Me: 95% (10b) Ph: 99% (10m)

Et: 96% (10c)
Bu: 90% (10d)
Ph: 99% (10e)
CH,Cl: 95% (10f)

pinBo?(Rz\OBpin Bn: 98% (10n)

R' = R2 = Me: 58% (10h)

/\/OBpin
R' = "Pr, R2 = Me: 92% (10i)

98% (100)

o Stereoretentive hydroborations

o 5 mol% Mn(hmds),
(o)
O:O>= 3.1 equiv. HBPin

benzene-dg, 20 °C, 20 h

OBpin
O: + CH30Bpin
OBpin

>95% (10p)

OBpin
O\ + CH30Bpin
OBpin

>95% (10q)

>95%

5 mol% Mn(hmds),

e

(0]
>=o
lo) 3.1 equiv. HBPin

benzene-dg, 20 °C, 20 h
>95%

e Depolymerizations

o H H
0 — pinBO)QM/\OBpin >95% 14a)
o A >95% (14b)
n

avg. MW = 14,000 (13a)
avg. MW = 80,000 (13b)

JOL Mn(hmds), OBPin
0~ Y0 HBPin OBpin  + H;COBpin
PPC n 20°C,20h 87% (10b)
-

o)
o HH 71%¢
o —_— Y©)<08pin (16a+16b)
pinBO. + i
B
0 - . pinBo”~~CBPIn

H H

e Carbon dioxide

5 mol% [Mn] H
cop, —m—m—m :
1bar 03 mmol HBpin HH) PEpin
benzene-dg, 80°C

18% [MnH(hmds)]g, 20 h
21% Mn(hmds),, 72 h

Scheme 4. Mn(hmds), catalyzed hydroboration of carbodiimides, cy-
clic and linear carbonates, depolymerization of polyesters and poly-
carbonates, and carbon dioxide. "H-NMR yields vs. internal hexame-
thylbenzene. [a] 10 mol % Li(hmds) instead of [Mn], [b] 80°C, 20 h, [c]
80°C, 72 h in [DgTHF. Details are given in the ESI.
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mides leads to formamidines, another hydroboration event
gives aminals. The selective mono-hydroboration of carbo-
diimides is challenging and only few examples were reported.
The reaction with 9-borabicyclo[3.3.1]-nonane at high tem-
perature gives mixtures of mono- and dihydroboration
products.’”l Catalytic hydroboration with strongly basic
organometallic complexes (Mg, K) and amido complexes
(Hf, actinides) selectively gave the formamidine pro-
ducts.® 2] Subjection of carbodiimides to the Mn(hmds),-
catalyzed hydro-boration conditions led to selective mono-
reduction to the desired formamidines at room temperature
(Scheme 4, top). Bulky carbodimides (‘Bu, 2,6-diisopropyl-
phenyl) were cleanly converted at elevated temperature. In
no case was the double reduction product observed, even with
excess amounts of HBpin. The reaction showed perfect
regiocontrol with unsymmetrical carbo-diimides: N-tert-bu-
tyl-N'-ethylcarbodiimide was exclusively converted to the
ethylaminoboronate isomer. Organic carbonates are large-
scale technical products of carbon dioxide fixation. The
reduction of carbonates delivers methanol as the formal
reduction product of CO,. The thermodynamic stability of
carbonates renders them applicable as organic solvents, even
in catalytic hydrogenations. Very few catalysts have been
reported for hydrogenations of organic carbonates at elevated
pressure and temperature.”” The polar mechanisms of
catalytic hydroboration reactions provide a more prolific
scenario for carbonate reduction. Recent literature docu-
mented the efficacy of transition, main group, and lanthanide
metal catalysts. Leitner and co-workers employed Mn cata-
lysts with PNP-pincer ligands.'® High activity was only
attained by addition of base (NaOrBu) and at high temper-
ature (90°C). Rueping et al. reported the dibutyl-magnesium-
catalyzed hydroboration of carbonates at 65°C in toluene ;"
a Mg' ketiminate complex catalyzed the hydro-boration of
carbonates at room temperature;'* lanthanum amide cata-
lysts were recently employed by Xue et al.”! Following our
initial observation of the efficient di-n-butyl carbonate
reduction to methanol and the n-butyl borate (Table 1), we
further explored the scope of this transformation in the
presence of Smol% Mn(hmds), at room temperature.
Acyclic and cyclic carbonates were reduced to methanol
(and higher alcohols/diols) in near-quantitative yields at room
temperature with no excess of the reducing reagent
(Scheme 4, center). Chloride, alkene, and allyl ether functions
were fully tolerated. No loss of stereoinformation was
observed with stereomerically pure carbonates. Mn-catalyzed
hydro-boration of cyclic cis- and trans-cyclohexene carbo-
nates afforded afforded quantitative yields of methanol and
the cis- and trans-cyclohexane-1,2-diols, respectively, with full
preservation of stereochemistry. The general conditions of
this Mn catalysis were also applied to the reductive depoly-
merization of polyesters and polycarbonates (Scheme 4,
center). The degradation of end-of-life polycarbonates/poly-
esters into the valuable alcohol building blocks is a viable
process for the valorization of waste. Hydrogenative depoly-
merizations may require harsh conditions (54 bar H,,
160°C).P"! Recently, Cantat et al. reported catalytic hydro-
silylations with the Lewis acid catalyst B(C¢Fs); and Ir
catalysts, respectively.*>>
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With catalytic Mn(hmds),, polyethylene terephthalate
(PET) was successfully converted to the corresponding
monomers para-xylylene glycol and ethylene glycol in 71 %
yield. Higher yields were obtained in THF at 80°C. This is the
first example of a Mn-catalyzed hydroboration of PET. Poly-
e-caprolactone (PCL) underwent facile reductive depolyme-
rization in the presence of catalytic Mn(hmds), (5 mol % per
ester unit) and HBpin. PCL samples with average molecular
weights of 14000 and 80000, respectively, were reduced to the
1,6-hexandiol derivative in quantitative yields at 20°C. Under
identical conditions, polypropylene carbonate (PPC), the co-
polymer of CO, and propylene oxide, was cleanly reduced.
The propylene glycol and methanol derivatives were obtained
in 87 % yield with no excess of the reducing reagent. Finally,
we have extended the general conditions to the hydroboration
of carbon dioxide (CO,). There is a growing number of
homogeneous ligand-metal catalysts that enable hydrobora-
tions of CO, with available boranes (e.g. pinBH, catBH,
BH,-SMe,, 9-BBN).'"¥ The resultant C,-hydrocarbons
(formaldehyde, formic acid or methanol) constitute valuable
chemical building blocks. Upon employment of Mn(hmds),,
CO, was reduced by HBpin with 100% selectivity to
methanol at ~ 1 bar, 80°C (21 % yield vs. borane, 'H NMR).
The hexanuclear cluster [MnH(hmds)]s afforded similar
conversion and selectivity under identical conditions
(Scheme 4, bottom right). Efforts to prevent rapid catalyst
decomposition in the absence of suitable donor molecules (in
THF, with additives L-lactide or propylene carbonate)
showed no change of selectivity.

Mechanistic Studies

We have performed combined synthetic, kinetic, and
spectroscopic experiments to elucidate the operating reaction
mechanism, including the role of reaction components,
kinetic studies and isotope effects, catalyst poisoning, and
analyses of side products (Scheme 5). The initial optimiza-
tions of the general procedure (see Table 1) documented the
high activity of manganese hydride clusters that were superior
to the related Li, Fe and Co catalysts. A key to efficient
hydroboration activity of catalyst species certainly resides in
the ability of the metal center to act as Lewis acid. The role of
Mn(hmds), in the coordinative activation of polar C=X bond
substrates was corroborated by the isolation of an adduct
upon reaction of Mn(hmds), with PhCN in hexane. The
resultant [Mn(hmds),(NCPh),] was characterized by single
crystal structure analysis (Scheme 5, top).** This observation
is in stark contrast to the related Li(hmds)-catalyzed reaction
where the higher Lewis acidity of the Li ion mediated nitrile
insertion into the Li-N(TMS), bond and subsequent 1,3-TMS
transfer to give amidinatolithium complexes.”! Our efforts
into the identification of complexes formed from the reaction
of [Mn(hmds),(NCPh),] with HBpin were unsuccessful, but
proved the catalytic efficacy of the Lewis adduct by clean
formation of PhCH,N(Bpin), and hmds-Bpin (‘"H-NMR). The
rapid hydride transfer from pinBH to transition metal-hmds
complexes suggests that Mn-hydride species act as active
catalysts. We observed the characteristic immediate colour
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Scheme 5. Key experiments and postulated mechanism (NR,=N-
(SiMes),).

change to dark brown upon addition of HBpin to Mn(hmds),
in various solvents (benzene, toluene, hexane). The hexanu-
clear complex [MngH¢(hmds)s] was isolated from such
reactions as dark brown crystals."*! The identical catalytic
activity of the mixture Mn(hmds),/borane and [MngH4-
(hmds)y]—the latter formed from the stoichiometric reaction
of HBpin with Mn(hmds),—is in full accord with the
postulated catalytic role of this (or related) Mn clusters. This
hypothesis is supported by the observation of a strong
dependence of hydroboration reactivity on the sequence of
substrate addition. The hydroboration of pyridines only
proceeded when HBpin was added to the solution of Mn-
(hmds), in benzene prior to the pyridine (nitrile and ester
reduction proved independent on the order of substrate
additions). We therefore postulate the formation of [MngHg-
(hmds)s] and other homologous oligonuclear manganese

catalytic activity as the mixture of Mn(hmds),/borane in the
hydroboration (4-methoxybenzonitrile, dibutyl carbonate).
Attempts to grow single crystals from the THF-soluble white
precipitate were unsuccessful; the molecular mass was
beyond the detection range of LIDFI-MS (>2000 m/z).
ICP-OES (23.7% Mn), elemental analysis (N: 6.37; H: 8.83;
C: 33.84), the absence of boron, and the presence of
equimolar active hydrides in its molecular structure are in
full accord with a higher aggregate of the formula [MnH-
(hmds)], (caled: Mn: 25.4; N: 6.47; H: 8.85; C: 33.31). The
latter was corroborated by the identical yields of benzylalco-
hol from reactions of [MnH(hmds)]s; and the postulated
higher cluster [MnH(hmds)],, respectively, with benzalde-
hyde (Scheme 5, center). If the isolated cluster complex
[MnH(hmds)]s constitutes a competent model of the true
catalyst species, direct hydroboration should occur when
adding suitable substrates. The reaction mixture of MngHg-
(hmds), and 6 equiv benzonitrile displayed a broad signal at
9.4 ppm in the '"H NMR which can be assigned to [Mn]-N=
CHPh species. Indeed, aqueous work-up documented 84 %
conversion of PhCN and clean formation of the imine HN=
CHPh. A similar reaction with addition of 6 equiv HBpin (i.e.
equimolar Mn:PhCN:HBpin) showed clean formation of the
doubly reduced primary benzyl-amine. The intermediate
imine PhCH=NBpin was not detected by '"H NMR of the
crude reaction. The same observations were made on hydro-
borations in the presence of Mn(hmds),: Equimolar reactions
of Mn(hmds),, HBpin, and PhCN afforded the same [Mn]-N=
CHPh species and hmds-Bpin, and upon work-up the imine.
With excess amounts of borane (3 equiv), benzylamine was
cleanly formed. The Mn(hmds),-catalyzed hydroboration of
4-methoxybenzonitrile with HBpin followed a pseudo-1*
order rate of nitrile consumption over the period of full
conversion (Scheme 5, center). The individual reaction orders
in catalyst and borane at low conversions (<25%) were 1,
respectively; the nitrile exhibited an order of zero. Nearly
identical reaction orders in [Mn] were observed for Mn-
(hmds), and [MngHg(hmds)e] (0.97 and 0.83) so that mono-
nuclear Mn-hydride complexes very likely constitute the most
active catalyst species. The determination of kinetic isotopic
effects (KIE) from competing reactions with equimolar H-
Bpin and D-Bpin resulted in a ky/kp ratio of ~2.1 (nitrile,
carbodiimide) and ~ 1.6 (ester) (It is important to note that
these values must be determined at low conversions and
constitute lower limits of the real KIE due to the more rapid
depletion of the faster reacting HBpin).” This (presumably)
1° KIE argues for a rate-determining hydride transfer in the
overall mechanism (B-H to Mn or Mn-H to C=X). The clear
distinction between homotopic and heterotopic catalysis
mechanisms is not trivial, as sensitive and insightful analytical
tools that operate under the reaction conditions are rare. A
first indication may be derived from selective catalyst poison-
ing studies.”® The reductive conditions of the hydroboration
reactions with basic pre-catalyst Mn(hmds), and the active
hydride reagent HBpin may facilitate reduction events at the
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Mn catalyst to produce Mn® species in the absence of strong
ligands. However, the operation of pre-catalyst reduction was
not observed (no H, evolution, no diborane formation, no
pinacol formation with aldehydes). Furthermore, no inhib-
ition of catalyst activity by a potential Mn"-amalgam phase
was observed upon addition of 200 equiv Hg (per Mn) to the
hydroboration of 4-methoxybenzonitrile.*”! The same inter-
pretation can be derived from the unaltered reaction rate
when adding trimethylphosphine (PMe;)—a strong ligand for
reduced Mn species. No “hidden” BHj; catalysis was operating
("B NMR). Based on the collected synthetic, kinetic, and
spectroscopic data, we postulate a catalytic mechanism that is
initiated with the formation of [MnH(hmds)], complexes
from reaction of Mn(hmds), and HBpin (Scheme 5, bottom).
In the presence of suitable donor-functions in the substrates,
deaggregation yields the mononuclear active catalyst species.
The hydride transfer from HBpin to the C=X moiety or the
Mn catalyst is rate-limiting. The basic hmds and C-X ligands
are most likely involved in the activation of the borane to
facilitate hydride transfer by intramolecular o-bond meta-
thesis.

Conclusion

In summary, we have reported an operationally facile
protocol for reductions of a wide array of functional
molecules by utilization of simple pre-catalysts comprising
of the transition metal Mn and the Lewis base hmds. The
catalytic hydroboration reaction operates with the inexpen-
sive liquid reductant HBpin under very mild conditions.
Reductive valorizations of stable C=X electrophiles such as
carbonyls, carboxylates, pyridines, carbo-diimides, and carbo-
nates were accomplished in high selectivities. The reaction
conditions tolerated various functional groups and neighbour-
ing stereocenters and may prove useful in chemo-selective
reductions of multifunctional molecules (reactivity trend:
amide > ester > nitrile > carbonate > pyridine > CO, >>
alkene). The same protocol was applied to polymer degrada-
tions of poly-esters and polycarbonates. CO, was reduced
with moderate activity. Mechanistic studies indicate the
catalytic role of inter-mediate Mn"-hydride complexes, the
absence of Mn’ species, and a rate-limiting hydride transfer
from the borane. The identification of the pre-catalyst
Mn(hmds), and the observation of active [MnH(hmds)],
intermediates complement the growing arsenal of metal
catalysts bearing sophisticated (pincer) ligands and/or basic
co-catalysts. Without elaborate ligand design, the cooperative
effect of an early transition metal and a Lewis basic ligand
may serve as a generic platform for further applications to
reactions of polar functional groups with soft reagents.
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