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ABSTRACT

HN(CH,CH,PR;),-ligated copper borohydride complexes, (RPNHP)Cu(BH,) (R = Pr, Cy,
‘Bu), which can be prepared from (RPNHP)CuBr and NaBH,, are capable of catalyzing the
hydrogenation of aldehydes in an alcoholic solvent. More active hydrogenation catalysts are
(RPNHP)CuBr mixed with KO'Bu, allowing various aldehydes and ketones to be efficiently
reduced to alcohols except those bearing a nitro, N-unprotected pyrrole, pyridine, or an ester group,
or those prone to aldol condensation (e.g., 1-heptanal). Modifying the catalyst structure by
replacing the NH group in (*"PNHP)CuBr with an NMe group results in an inferior catalyst but
preserves some catalytic activity. The hexanuclear copper hydride cluster, (P"PNHP);CugHg, is
also competent in catalyzing the hydrogenation of aldehydes such as benzaldehyde and N-methyl-
2-pyrrolecarboxaldehyde, albeit accompanied by decomposition pathways. The catalytic
performance can be enhanced through the addition of a strong base or "PNHP. The three catalytic
systems likely share the same catalytically active species, which is proposed to be a mononuclear

copper hydride (RPNHP)CuH with the NH group bound to copper.
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INTRODUCTION

Catalytic reduction of carbonyl compounds has been researched for decades owing to its
importance in chemical synthesis, though in recent years efforts have been devoted more to the
development of first row metal-based catalysts.! Among various reduction strategies,
hydrogenation reactions are often preferred when the costs of the reductant and waste disposal
outweigh the risks and capital costs for working with a flammable gas. One popular class of pro-
ligands used to design catalysts specifically for carbonyl hydrogenation involves a diphosphine of
the type HN(CH,CH,PR;), (RPNHP for short),? which typically binds to metals through the [PNP]
donor array. The presence of a metal-bound NH group is thought to play a crucial role in activating
the C=0 bond and stabilizing high-energy intermediates.?* While the electronic configuration of
the metal ion and the molecular geometry are undoubtedly important for catalysis, metal
complexes bearing a (RPNHP)MH (M = Ru, Os, Ir, Re, Mo, Fe, Co, Mn) component? are almost
universally successful in catalyzing the hydrogenation of C=0 bonds with very few exceptions
(e.g., when M = Ni).4

Copper-based catalysts for carbonyl hydrogenation have been known since the late 1980s
when Stryker’s reagent, (Ph3;P)¢CusHs, was studied for the reduction of o,3-unsaturated aldehydes
and ketones.> Depending on the hydrogen pressure, 2-cyclohexen-1-one is selectively converted
to cyclohexanone (py, = 65 psig) or cyclohexanol (py, > 185 psig, over an extended period of
time). Under the hydrogenation conditions, the catalyst degrades to black particles, which is
avoidable through the addition of excess Ph;P, leading to selective hydrogenation of the C=C—
C=0 moiety over an isolated C=C bond.>® Catalytic hydrogenation of simple ketones using well-
defined copper hydrides such as (Ph3P)sCugHg, (k>-triphos),Cu,H, (triphos = 1,1,1-

tris(diphenylphosphinomethyl)ethane), and (dppp)4CugHg (dppp = 1,3-
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bis(diphenylphosphino)propane) proves to be unsuccessful unless the pro-ligand is also added (e.g.,
(Ph3P)¢CugHg with 36 equiv Me,PPh; (k2-triphos),Cu,H, with 1-1.5 equiv triphos).® However,
exactly how these added pro-ligands promote the reduction is not well understood. For the
hydrogenation of CO, to formate,” the cationic copper hydride [(i3-triphos),Cu,H]" alone is an
efficient catalyst.® According to the proposed mechanism, 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), which is the base needed to drive the reaction, plays another role by breaking the Cu(p-
H)Cu core to yield [(k3*-triphos)Cu(DBU)]* and the presumed active species (i3-triphos)CuH.%?

A very recent study by the Tanase group shows that larger copper clusters, [(u-
dpmppm);CugHg](PF¢), (dpmppm = Ph,PCH,P(Ph)CH,P(Ph)CH,PPh;) and its CO, insertion
product [(p-dpmppm),Cuy(OCHO);]PF, are also capable of catalyzing the hydrogenation of CO,
to HCO;™ in the presence of DBU.!0

There are also a number of studies involving in-situ generated but structurally ill-defined
copper hydrides for catalytic hydrogenation of C=0O bonds. In particular, copper-catalyzed
asymmetric hydrogenation of ketones is often carried out using a chiral phosphine mixed with
Cu(OAc),, CuCly, or Cu(NO;)(PAr3),.!! These catalytic systems typically require a large excess
of strong base (6-25 equiv per copper) and, in some cases,'!2d additional PAr; to stabilize the
catalysts. A similar catalytic protocol has been applied to chemoselective hydrogenation of
aldehydes.'> Hydrogenation of CO, to formate in the presence of DBU or a secondary amine can
also be catalyzed by Cu(OAc),,"* Cu(OAc),-DMAP (DMAP = 4-dimethylaminopyridine),'# or
(dtbpH)Cul (dtbpf = 1,1'-bis(di-tert-butylphosphino)ferrocene).!>  Considering that copper
hydrides are usually air sensitive,”!¢ using a simple copper salt such as Cu(OAc), to catalyze the
hydrogenation reactions is synthetically more attractive; however, very limited mechanistic details

can be gained from these studies.
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This work fills several knowledge gaps concerning hydrogenation catalysis with copper.
First, although RPNHP-ligated copper complexes have been known for a decade,!” they have not
been reported as hydrogenation catalysts until now. Our recent study shows that, unlike other
metal systems, the putative "(RPNHP)CuH" has the tendency to form clusters with only the
phosphorus donors bound to copper (along with fully dissociated RPNHP, see Scheme 1).!8 This
raises an interesting mechanistic question regarding the role that the NH group may or may not
need to play during the hydrogenation process, which is addressed in this work. We have also
previously observed the expansion of clusters from (RPNHP),CusH; (R = Pr, Cy) to
(RPNHP);CugHg and, in one case (R = ‘Pr), the release of (RPNHP),CusH; when (RPNHP);CugHg is
treated with PhCHO.!'® Further mechanistic investigation presented herein paves the road for a
better understanding of how the formation of copper hydride clusters impacts the overall
hydrogenation reactions. Also studied here are the effects of base additives, which have been

routinely used in conjunction with copper-based hydrogenation catalysts.

Cu TPRZ \ |_|N_L
H
HN RoR— PR,

| R
P
"(RPNHP)CuH" —=~ % /. EN — 2

_1 RPNHP NH/
: RoP— ~pr Rzpi/ PR,
. 2 \/Nl—f
(R ="Pr, Cy, Bu) E
2
(R ='Pr, Cy)

Scheme 1. Aggregation of the putative "(RPNHP)CuH"

RESULTS AND DISCUSSION
(RPNHP)Cu(BH,4) as Hydrogenation Catalysts. From the outset, we sought a more

straightforward method of generating (RPNHP)CuH in situ to catalyze the hydrogenation of C=0
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bonds. Metal borohydride complexes L,M(BH,) can be metal hydride complexes L,MH in
disguise, and if needed, a base can be added to assist the removal of BH;.!° For systems in which
the hydride species are thermally unstable, it is advantageous to employ the more stable
borohydride derivatives as hydrogenation catalysts. Successful examples known to date have been
primarily focused on group 8 metal complexes such as trans-RuH(BH,4)(P-P)(1,2-diamine) (P-P =
a diphosphine or diphosphinite),?® (RPNHP)RuH(CO)(BH,),?!' (RPNHP)FeHL(BH,4) (L = CO or
CNR"),> and (P"PNMeP)FeH(CNR'")(BH,4) (P"PNMP = MeN(CH,CH,PPr,),).2> For copper-based
systems, borohydride complexes are known in the literature,?* although they have not yet been
described in hydrogenation studies.

The target copper borohydride complexes bearing a RPNHP ligand were readily synthesized
by treating (RPNHP)CuBr (1a-¢) with excess NaBHy (eq 1). The isolated products, which are white
solids, can be exposed to air for several hours without noticeable color or spectral change. Under
an inert atmosphere, a solution sample of 2a in C¢Dg was shown to survive mild heating (50 °C)
for at least 2 h but, after 24 h, yield a very small amount of black particles. Nevertheless, its
thermal stability is significantly higher than that of the copper hydride complex, (P"PNHP);CugHg

(3a), which starts to decompose in hours even if kept at room temperature.

H
/
,\N \N ’Bu 5NaBH4 H
N equiv) c
RoP —Br or LL “Cu—-Br E1OH LL \ _BL (1)
R,P™ = / H
; iy 0°C/RT
R= Pr( ) BU2 16 h
R =Cy (1b) 1c R ’Pr(2a), 95%

R = Cy (2b), 76%
R = Bu (2¢), 69%

2a-c were characterized by NMR and IR spectroscopy as well as elemental analysis. For
samples dissolved in C¢Dg, the BH4 proton resonances cannot be definitively located due to

broadening and overlap with the resonances of the phosphorus substituents (i.e., the R groups).
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The "B NMR spectra, on the other hand, show a distinctive boron resonance near —30 ppm (Table
1), which is resolved as a quintet for 2a and 2¢. At least one B—Hiemina and one B—Hiyigging
stretching bands can be identified from each IR spectrum (of a solid sample). The frequencies are
very similar to those reported for other phosphine-ligated copper borohydride complexes.?* It is
interesting to note that the N—H stretching vibration of each copper complex is blue-shifted relative
to RPNHP, This result argues against nitrogen coordination, which usually causes a decrease in the
N-H stretching frequency.?> The reason for the blue-shift is unclear; the N-H bond contraction
can be a result of short-range repulsive forces or electric field effects exerted by the neighboring
molecule.?

Table 1. Selected NMR and IR data of 2a-¢ and the corresponding pro-ligands

Compound 53 (ppm) VN-H (cm-l) VB—Hterminal (cm'l) vB—Hbridging (cm'l)
(P'PNHP)Cu(BH,) (2a) —29.0 (quint) 3305 2355 2020

PrpPNHP 3285

(PNUP)Cu(BH,) (2b)  —29.8 (br) 3304 2349, 2338 2022

CYPNHP 3288

(B'PNHP)Cu(BH,) (2¢) —27.6 (quint) 3299 2353 2058

BupNHP 3288

The solid-state structures of 2a (Figure 1) and 2¢ (see Figure S36 in the ESI) studied by X-
ray crystallography establish the k?-coordination mode for the BH4 ligand and the absence of
nitrogen coordination. Given that P"PNHP in 1a serves as a tridentate ligand,'” the Cu—H bond
must be stronger than an N—Cu bond. Additional driving forces for nitrogen dissociation might
come from intermolecular electrostatic interactions between the NH and BH, groups, as revealed

by the crystal packing (NH¢*---5"HB distance: 2.32-2.98 A).
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/

N
Figure 1. ORTEP drawing of (P"PNHP)Cu(BHj) (2a) at the 50% probability level (hydrogen atoms
bound to nitrogen and boron were located directly from the difference map and their coordinates
were refined; all other hydrogen atoms were calculated and treated with a riding model and omitted
here for clarity). Selected distances (A) and angles (deg): Cu—P(1) 2.2605(5), Cu-P(2) 2.2525(5),
Cu-B(1) 2.2232(24), Cu...N(1) 3.4471(18); P(1)-Cu—P(2) 127.95(2), B(1)-Cu—P(1) 112.11(7),

B(1)-Cu-P(2) 119.52(7), H-Cu-H 65.4(11).

Catalytic activities of 2a-¢ (2 mol% loading) for hydrogenation reactions were evaluated
at room temperature under 50 psig (or 4.4 bar) H, pressure for 24 h. As summarized in Table 2,
in THF, all three copper borohydride complexes reduce approximately a stoichiometric amount of

PhCHO (entries 1-3). The reduction becomes catalytic when the reaction is carried out in an
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alcoholic solvent (entries 4-8). Of the three catalysts tested in ‘PrOH, 2b is the most active one,
resulting in a 99% conversion of PhCHO to PhCH,OH (entry 7). Under an argon atmosphere
using 2a as the catalyst, 5% of PhCHO is reduced to Ph\CH,OH (entry 9), implying that transfer
hydrogenation might be operative but would be significantly slower than direct hydrogenation.
The addition of KO’Bu in a catalytic amount makes the hydrogenation of Ph\CHO in THF viable,
although the Tishchenko product,?” PhCO,CH,Ph, is also produced (entry 10). Reduction of 4-
CF;C¢H4CHO, which contains a more reactive carbonyl group, can be performed in both THF
(entry 11) and 'PrOH (entry 12). Again, the alcoholic solvent renders the hydrogenation process
more efficient. We have previously reported that N-methyl-2-pyrrolecarboxaldehyde undergoes
insertion into the Cu—H bond of (P"PNHP);CusHg (3a).!® To our disappointment, this specific
aldehyde resists hydrogenation under the catalytic conditions that are effective for PhCHO and 4-
CF;C¢H4CHO (entry 13). The addition of KO’Bu does not appear to improve the catalytic reaction

(entry 14).
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Table 2. Hydrogenation of aldehydes catalyzed by 2a-c®

ArCHO + H, (50 psig)% ArCH,OH

Entry ArCHO [Cu] Solvent KO’Bu (mol%) Conversion (%)’
1 PhCHO 2a THF 0 1
2 PhCHO 2b THF 0 2
3 PhCHO 2¢ THF 0 2
4 PhCHO 2a MeOH 0 46
5 PhCHO 2a EtOH 0 51
6 PhCHO 2a PrOH 0 64
7 PhCHO 2b ‘PrOH 0 99
8 PhCHO 2¢ PrOH 0 6
9¢ PhCHO 2a ‘PrOH 0 5
10 PhCHO 2a THF 2.4 48(19)¢
11 4-CF;C4¢H,CHO 2a THF 0 7
12 4-CF;C4¢H,CHO 2a PrOH 0 >99
13 (/;\)\CHO 2a PrOH 0 0

Me
14 @\CHO 2a PrOH 2 1

e

@Standard conditions: ArCHO (1.0 mmol) and copper catalyst (0.020 mmol) in THF or an alcoholic
solvent (3 mL), under H; (50 psig), at room temperature (23 °C), stirred for 24 h. *Determined by
'H NMR spectroscopy. The reaction was carried out under argon (1 bar) instead of H,. “The
number in the parenthesis is the conversion of PhCHO to PhCO,CH,Ph.

NMR studies of 2a in CD3;OD shed some light on why alcoholic solvents favor the
hydrogenation process. The copper borohydride complex proves to be stable in CD;0D for at
least several days, at which point a small amount of HD (&y = 4.52 ppm, triplet, Jyp = 42.8 Hz)
can be detected. The ''B NMR spectrum shows a quintet at —30.9 ppm for the BH, resonance
along with a singlet at 3.0 ppm consistent with [B(OCD;),]~.® Thus it is tempting to propose that
iterative protonation of the B—H bonds in 2a by an alcohol will eventually unmask (P"PNHP)CuH
to initiate carbonyl reduction. However, these protonation steps are considerably slower than the

overall hydrogenation reaction. The BH,4 resonance of 2a in the 'TH NMR spectrum is observed as

a relatively sharp quartet at 0.71 ppm (Ju.g = 81 Hz), suggesting increased symmetry around the
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quadrupolar nucleus '"B. CD;OD is likely to cause the departure of BH;~ from 2a to form a
solvent-separated ion-pair, which in turn reduces aldehydes in a similar way as NaBH,. If all B—
H bonds are available for the reduction, only the experiments with a conversion of >8% (entries
4-7, 10, and 12) can be confidently interpreted as copper-catalyzed hydrogenation reactions.
Under such a scenario, dihydrogen activation by copper is required and presumably made possible
via hydrogenolysis of a copper alkoxide intermediate.?’

To further understand the reaction mechanism, hydrogenation of PhCHO in PrOH
catalyzed by 2b was performed with D, in place of H,. For the purpose of deriving the kinetic
isotope effect (KIE), reaction conditions were chosen so that only 20-40% of PhCHO was reduced.
As illustrated in Scheme 2, under D,, 15% of PhCHO is reduced to PhCHDOH and 8% of PhCHO
is converted to PhnCH,OH. The latter is likely a result of stoichiometric reduction of PhCHO by
2b. Under the same conditions but with H,, 37% of PhCHO is reduced to PhCH,OH, giving a
KIE value of 1.9 for the hydrogenation process. This result suggests that dihydrogen activation is

involved in the turnover-limiting step.

2 mol% 2
PhCHO + D, (40 psig) *F/wzh» PhCHDOH + PhCH,OH
’ ’ 15% 8%
. 2 mol% 2b
PhCHO + H2 (40 pS|g) m PhCHQOH
i 37%

Scheme 2. Kinetic isotope effect for the hydrogenation of PhCHO

(RPNHP)CuBr Mixed with KO’Bu as Hydrogenation Catalysts. The limited catalytic
activities observed for (RPNHP)Cu(BH4) prompted us to resort to the conditions under which
clusters (RPNHP),Cu,,Hy, (n = 2, 3) are produced (i.e., mixing (RPNHP)CuBr with KO‘Bu under
H,).!® We surmised that, in the presence of a carbonyl substrate, the initially formed (RPN"P)CuH

might enter the catalytic cycle for the hydrogenation rather than engage in the aggregation
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illustrated in Scheme 1. Optimizations focusing on room-temperature hydrogenation of Ph\CHO
catalyzed by 1a and KO’Bu (added in slight excess) show that, in THF, a catalyst loading of 2 mol%
and a H, pressure of 50 psig are sufficient for the reaction to occur. After 24 h, 98% of PhCHO is
reduced to PhCH,OH while the remaining aldehyde is converted to PhCO,CH,Ph (Table 3, entry
1). Changing the catalyst to the cyclohexyl derivative (1b) results in a cleaner reduction of PhCHO
and shortens the reaction time to 6 h (entry 2). In contrast, using the tert-butyl derivative (1c)
makes the hydrogenation process more sluggish and yields more PhCO,CH,Ph (entry 3). The
hydrogenation reaction can also be performed in toluene, dioxane, and Et,0, though less efficiently
(entries 4-6). Lowering the H, pressure to 30 psig (entry 7) or raising the temperature to 50 °C
(entry 8) leads to a precipitous drop in the conversion of PhCHO to PhCH,OH. The RPNHP ligand
is clearly needed; without it, the Tishchenko reaction converting PhCHO to PhCO,CH,Ph becomes
the more dominant pathway (entry 9). Because KOBu** and metal alkoxides?’ are known to
catalyze the Tishchenko reaction, their steady-state concentrations should be kept low to minimize
the ester formation. Consistent with this hypothesis, reducing the amount of KO’Bu from 2.4 to
2.0 mol% suppresses the formation of PhCO,CH,Ph completely (entry 10), whereas adding more
KO"Bu increases the percentage of PhCHO being converted to the ester (entry 11). It should be
noted that, in the absence of KO’Bu, 1a alone is not a hydrogenation catalyst (entry 12). Finally,
using the optimized 1a-to-KO’Bu ratio (1 : 1), PACHO is almost fully reduced to Ph\CH,OH in 3 h

under 65 psig H, pressure (entry 13) or in 1 h under 80 psig H, pressure (entry 14).
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Table 3. Hydrogenation of PhCHO catalyzed by 1a-¢ along with KO’Bu?

2 mol% [Cu]

. 2-10 mol% KOBu
PhCHO + H, (30-80 psig) =S - Rt

PhCH,OH

Entry [Cu] KOBu(mol%) Solvent py, (psig) Time (h) Conversion (%)>¢

1 la 2.4 THF 50 24 98(2)
2 1b 2.4 THF 50 6 >99(0)
3 lc 2.4 THF 50 24 21(10)
4 la 2.4 toluene 50 24 90(3)
5 la 2.4 dioxane 50 24 85(2)
6 la 2.4 Et,O 50 24 15(2)
7 la 2.4 THF 30 24 8(19)
84 la 2.4 THF 50 24 6(10)
9 CuBr 24 THF 50 6 5(21)
10 la 2.0 THF 50 24 >99(0)
11 la 10 THF 50 24 66(28)
12 la 0 THF 50 6 0(0)
13 la 2.0 THF 65 3 99(0)
14 la 2.0 THF 80 1 98(0)

aStandard conditions: PhCHO (1.0 mmol), copper complex (0.020 mmol), and KO’Bu in a solvent
(3 mL), under H,, stirred at room temperature (23 °C). ’Determined by 'H NMR spectroscopy.
“Numbers in the parentheses are the conversions of PhACHO to PhCO,CH,Ph. ¢Stirred at 50 °C.
The substrate scope of the copper-catalyzed hydrogenation reactions was explored by
employing 1a-KOBu as the catalyst (2 mol% loading). The results for aldehydes are summarized
in Table 4. Under the conditions optimized for PhACHO (py; = 50 psig, room temperature, 24 h),
benzaldehyde derivatives bearing an electron-donating or a weakly electron-withdrawing group at
the para position are hydrogenated nearly quantitatively to yield the corresponding alcohols. In
our recent study of the reactions between {2,6-(‘Pr,PO),C¢H3}NiH and aldehydes,’! 4-
CF;C¢H4CHO was shown to perform consecutive insertions more readily than PhCHO which,
following a B-hydride elimination step, gave the Tishchenko product. In line with this finding,
hydrogenation of 4-CF;C¢H4CHO catalyzed by 1a-KO’Bu is plagued by the competing ester-

forming process. A selectivity of 95% for 4-CF;C¢H4CH,OH can be achieved when the H,
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pressure is increased to 80 psig and the reaction mixture is diluted by twofold. Hydrogenation of
4-NO,C¢H4CHO is incomplete after 24 h even under 80 psig H, pressure (44% conversion), likely
due to oxidation of the copper hydride intermediate by the nitro group. 2-Naphthaldehyde, 2-
CH;C¢H4CHO, and 2-FC¢H4CHO react more slowly than PhCHO and their para-isomers, thus
requiring a slightly higher H, pressure (80 psig). Pyrrole-2-carboxaldehyde is not a viable
substrate for the catalytic system. The NH moiety must prevent dihydrogen activation by strongly
interacting with copper, which is indirectly confirmed by successful hydrogenation of N-methyl-
2-pyrrolecarboxaldehyde and furfural. Hydrogenation of aliphatic aldehydes is feasible, as
successfully demonstrated with cyclohexanecarboxaldehyde. 1-Heptanal, on the other hand,
mainly participates in aldol condensation reaction, forming (E)-2-pentyl-2-nonenal3? as the major

product.
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Table 4. Hydrogenation of various aldehydes catalyzed by 1a along with KO’Bu?

o 2mol% 1a
.. 2mol% KOBu
+ H, (50 or 80 psi
)J\ 2 pg)THFRT6or24h R™ "OH

oo o

>99%(84%)P >99%(83%)b >99%(94%)b 99%(91%)?
50 psig, 24 h 50 psig, 24 h 50 psig, 24 h 50 psig, 24 h
99% 95%° 44% 99% 71%)"
50 psig, 24 h 80 psig, 24 h 80 psig, 24 h 80 psig, 24 h

CHO CHO o\ @\

N CHO
N CHO M
F H ©
o >99%

>99/o 94% 0% 50 psig, 24 h
80 psig, 24 h 80 psig, 24 h 80 psig, 24 h or 80 psig, 6 h

O\ CHO >99%
CHO O/ 80 psig, 24 h
>99% /\/i;ij\
>99%
5088&9" 246hh 80 psig, 6 h
or e psig, (major product)
@Standard conditions: RCHO (1.0 mmol), 1a (0.020 mmol), and KO'Bu
(0.020 mmol) in THF (3 mL), under H, (50 or 80 psig), stirred at room
temperature (23 °C); conversions were determined by 'H NMR
spectroscopy. “Numbers in the parentheses are isolated yields. <The
volume of THF was increased to 6 mL; 5% of RCHO was converted to
RCO,CH;R.
Hydrogenation of ketones catalyzed by 1a-KO’Bu (2 mol% loading) was performed under
80 psig H, pressure. As shown in Table 5, a quantitative conversion of acetophenone to 1-
phenylethanol can be accomplished in 24 h. Under the same conditions, acetophenone derivatives

substituted by a methoxy, bromo, or trifluoromethyl group at the para position or fused by a

benzene ring (e.g., 2-acetylnaphthalene) are hydrogenated smoothly to the corresponding alcohols.
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Hydrogenation of methyl 4-acetylbenzoate occurs selectively to the ketone functionality but with
a surprisingly low conversion of 16%. A more problematic substrate is 2-acetylpyridine, which
may deactivate the catalyst through nitrogen coordination. As representative examples for diaryl
ketones and aliphatic ketones, benzophenone and cyclohexanone are reduced to diphenylmethanol

and cyclohexanol, respectively, without any issues.

Table 5. Hydrogenation of various ketones catalyzed by 1a along with KO'Bu“

o 2 mol% 1a OH
2 1% KO'B

T vy e0psig) 2% KOBY A
(0] (0]

>99%( 82% 96% >99%

O O

>99% >99% O 16%
O

E)A O @

0% 85% >99%

@Standard conditions: RCOR' (1.0 mmol), 1a (0.020 mmol),
and KO’Bu (0.020 mmol) in THF (3 mL), under H; (80 psig),
stirred at room temperature (23 °C); conversions were
determined by 'H NMR spectroscopy. ”The number in the
parenthesis is the isolated yield.

Given that aldehydes can be hydrogenated under a lower H, pressure than that for ketones
(50 vs. 80 psig), an attempt was made to selectively reduce the aldehyde functionality of 4-

acetylbenzaldehyde using the conditions optimized for benzaldehyde (Table 3, entry 10).
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Unfortunately, the reaction did not yield any alcohol product; instead, a highly insoluble material
was obtained upon mixing the substrate with the catalyst. It is possible that 4-acetylbenzaldehyde
oligomerized or polymerized via an iterative aldol reaction.

To probe the selectivity in the hydrogenation of a,-unsaturated aldehydes and ketones, 2-
cyclohexen-1-one, 4-phenyl-3-buten-2-one, and cinnamaldehyde were treated with 2 mol% 1a-
KO’Bu (in THF) under 80 psig H, pressure. For reasons unclear to us, the two ketone substrates
gave rise to a complicated mixture that was difficult to analyze.?3 In contrast, hydrogenation of
cinnamaldehyde formed cinnamyl alcohol only, albeit with a low conversion (eq 2). The same
chemoselectivity (C=0 over C=C bond) has been observed in two other copper-based catalytic
systems: (1) (Ph3P)¢CugHg (5 mol% Cu), Me,PPh (6 equiv/Cu), ‘BuOH (40 equiv/Cu), in C¢Hg, 55
psig Hy, RT;% (2) Cu(NO3)(PPh;),-Ph,P(CH,)4PPh; (0.2 mol%), NaOH (10 equiv/Cu), in EtOH,
710 psig H,, 50 °C.'2

0,
CHO 2 mol% 1a

.. 2mol% KOBu X
m + H, (80 psig) m ©/\/\OH (2)

14% conversion
The aforementioned result indicates that the C=C bond in cinnamyl alcohol resists
hydrogenation, which was confirmed separately by using pure cinnamyl alcohol as the substrate.
Under the same conditions outlined in eq 2, styrene, trans-B-methylstyrene, trans-stilbene,
phenylacetylene, and 1-phenyl-1-propyne are completely unreactive (Scheme 3).
Diphenylacetylene, however, shows some reactivity, giving cis-stilbene (4%) and trans-stilbene

(5%) as determined by GC-MS and NMR.

Page 16 of 42



Page 17 of 42 Inorganic Chemistry Frontiers

OH

St
e Q/

Scheme 3. Substrates resistant to hydrogenation

;

Ci\cii

(PrPNHP);CugHg as a Hydrogenation Catalyst. Without a reducible substrate, the
reaction of 1a with KO’Bu under H, (Scheme 4) would generate (P"PNHP);CusHg (3a) along with
PIPNHP. 18 A smaller aggregate (""PNHP),CuyHy is also observable as the transient intermediate.
The hexanuclear cluster can alternatively be prepared from P'PNHP, CuBr, and KO’Bu using the
ligand-to-copper ratio suggested by the formula (1 : 2). Regardless of the routes used, the rates at
which these clusters are formed (requiring 30-60 min) are comparable to the catalytic turnover
frequencies (2-8 h'!), suggesting that the cluster formation could be kinetically relevant for the

hydrogenation process.

j i PronH
ProPl) dy—pr + KOBY 240 PSIG) I (PPN F;)scueHs
iPr,P 1a (1:1) toluene, RT, 1 h a

PPr. Hy (40 psi
HJ 2 + CuBr + KOBu 2 (40 psig)

i\N_\/Piprz toluene, RT, 1 h
1:2:2)

Scheme 4. Synthetic routes to the copper hydride cluster 3a

To further understand the catalytic roles that the hydride clusters might play, pure 3a was
employed as a hydrogenation catalyst. Because each molecule of 3a contains six copper atoms,
the catalyst loading was reduced to 0.34 mol% so that the total copper loading remained at 2 mol%.

Hydrogenation of PhACHO (1 mmol in 3 mL of THF), as demonstrated in eq 3, proves to be very
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slow, providing an essentially stoichiometric amount of PhCH,OH. Interestingly, adding a
catalytic amount of KO’Bu accelerates the hydrogenation of PhCHO to PhCH,OH. As expected,

the presence of KO’Bu also diverts 16% of PhCHO to PhCO,CH,Ph.

0.34 mol% 3a
THF, RT, 3 h

without KO'Bu: 2% to PhCH,OH
with 2 mol% KO'Bu: 84% to PhCH,OH

PhCHO + H,, (80 psig) PhCH,OH (3)

Compared to PhCHO, N-methyl-2-pyrrolecarboxaldehyde is less prone to forming the
Tishchenko product. Its hydrogenation catalyzed by 3a produces N-methyl-2-
(hydroxymethyl)pyrrole exclusively, even when KO’Bu is added (Table 6). Under the catalytic
conditions that 1a-KO’Bu would reduce this aldehyde fully to the alcohol, 3a is catalytically active
but results in an incomplete reaction (entry 1). Similar to the outcomes shown in eq 3, the addition
of KO'Bu or a related strong base such as LiO’‘Bu and NaN(SiMej3), speeds up the hydrogenation
process (entries 2-5). Screening of weak bases reveals that Et;N increases the hydrogenation rate
slightly (entry 6), whereas N,N-diisopropylethylamine and 2,6-lutidine slow down the reaction
(entries 7 and 8). Phosphine oxides are known to stabilize Cu(T) and Cu(II) species,** and ‘BuOH
is sometimes added to stabilize Cu(I) alkoxide intermediates (through alkoxide exchange to form
the more stable L,CuOBu).®* Our results show that neither additive has any effect on the

hydrogenation reaction (entries 9 and 10).
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Table 6. Hydrogenation of N-methyl-2-pyrrolecarboxaldehyde catalyzed by 3a®
0.34 mol% 3a

7 . additive @\
O\CHO +Ha (80 psio) e RT 61 CHZOH

N N

Me Me
Entry  Additive Conversion (%)’
1 none 63
2 KOBu (2 mol%) 94
3 KOBu (4 mol%) 95
4 LiOBu (2 mol%) 91
5 NaN(SiMe;), (2 mol%) 96
6 Et;N (2 mol%) 76
7 N,N-diisopropylethylamine (2 mol%) 34
8 2,6-lutidine (2 mol%) 41
9 Ph;P=0 (2 mol%) 61
10 ‘BuOH (2 mol%) 59
11 PIPNHP (1 mol%) 99

aStandard conditions: N-methyl-2-pyrrolecarboxaldehyde (1.0
mmol), 3a (0.0034 mmol, 2 mol% Cu), and an additive in THF (3
mL), under H, (80 psig), stirred at room temperature (23 °C).
PDetermined by '"H NMR spectroscopy.

It is worth noting again that 3a and the smaller aggregate (*"PNHP),CusH, have a ligand-
to-copper ratio of 1 : 2 (Scheme 1). If the integrality of these clusters were maintained during the
hydrogenation reaction, adding P"PNHP to the catalytic mixture could potentially interfere with the
approach of the substrate and H, to copper. However, if the clusters needed to be broken down
into (P"PNHP),Cu,H, (n = 1-3)® for the hydrogenation reaction to occur, added P"PNHP could be
beneficial because in theory 50% of the CuH moieties would be unsupported and decompose to

Cu(0) and H,.3¢ Consistent with the latter, adding 1 mol% PPNHP leads to a marked improvement

of the hydrogenation reaction (entry 11).

The NH Effect. Hydrogenation catalysts bearing a (RPNHP)MH component often operate

via a metal-ligand bifunctional mechanism in which the NH functionality activates the carbonyl
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substrates, stabilizes the intermediates following hydride transfer, and participates in dihydrogen
activation, all enabled by the N—H---O hydrogen-bonding interactions (HBIs).> When the NH
group is alkylated, these benefits disappear and the hydride becomes sterically less accessible,
leading to inactive catalysts. The presence of an H-N—-M-H unit, however, does not necessarily
mean that the NH group is always involved in the hydrogenation mechanism. The H-N-M-H
dihedral angle can be too wide (e.g., 60° or higher) to participate in N-H---O HBIs that are
conformationally restricted by the metal.?” Furthermore, in some catalytic systems (e.g., iron-
catalyzed hydrogenation of CO,), the N-H---O HBIs can be unimportant.?33% Alkylating the NH
group in these catalysts makes little difference on the catalytic performance, or even shows
improvement, possibly due to increased thermal stability for the N-alkylated catalysts.’” The
copper system presented in this work is unique in the sense that the NH binding is not guaranteed,
which depends on the nature of the X-type ligand on Cu(I). For instance, nitrogen coordination is
absent in (RPNHP)Cu(BH,), (RPNHP),CusH,, and (RPNHP);CugHg, but present in (RPNHP)CuBr
unless the phosphorus substituents are sufficiently bulky (R = ‘Bu, see structure of 1c in eq 1). If
the catalytically active species lack nitrogen coordination, alkylating the NH group is expected to
have a minimal impact on the catalytic activity.3’

Guided by this analysis, we prepared the N-methylated copper complex, (P"PNMeP)CuBr
(4a), from P'PNMeP and CuBr in THF (eq 4) and studied its structure by X-ray crystallography.
As illustrated in Figure 2, 4a is a four-coordinate metal complex with the NMe group bound to
copper. The geometry about copper is best described as trigonal pyramidal based on the geometry
index (74)*° value of 0.83. The Me-N—Cu-Br dihedral angle of 19.68° is comparable to the H-N—
Cu-Br dihedral angle in 1a (24.89° and 25.62° for two independent molecules).!” If the

hypothesized hydride species (*"PN"P),Cu,H, (n = 1-3), especially the mononuclear one, do
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contain the H-N—Cu—H bond connectivity, the dihedral angle is likely similar, although at this

point it is unclear if such angle (~20°) remains reasonable for a metal-ligand bifunctional catalyst.

~ /Me
- N
Me PPr THF 7\
—_— | ' 4
- o OB RT IR PP cu—Br @
N— PPr2 iPryP
4a, 85%

Figure 2. ORTEP drawing of (*"PNMeP)CuBr (4a) at the 50% probability level (all hydrogen
atoms omitted for clarity). Selected distances (A) and angles (deg): Cu—P(1) 2.2400(6), Cu-P(2)
2.2363(6), Cu—Br(1) 2.4118(4), Cu—N(1) 2.3654(19); P(1)-Cu—P(2) 125.39(2), N(1)-Cu-P(1)
85.11(5), N(1)-Cu—-P(2) 85.41(5), N(1)-Cu—Br(1) 108.87(5), P(1)-Cu—Br(1) 117.740(19), P(2)-

Cu-Br(1) 116.228(19).

Catalytic performance of 4a-KO’Bu was investigated for the hydrogenation of PhCHO, N-
methyl-2-pyrrolecarboxaldehyde, and PhACOCHj; (Table 7). Under the conditions that 1a-KO‘Bu

would induce high conversions of the carbonyl substrates to the desired alcohols, 4a-KO’Bu



Inorganic Chemistry Frontiers Page 22 of 42

displays very limited activity (entries 1-3). For the reduction of the two aldehydes, increasing the
catalyst loading by fivefold leads to a significant increase in alcohol formation and, in the case of
PhCHO, also ester formation (entries 4 and 5). The amounts of alcohol products being formed
suggest that these reactions are catalytic in copper and having an NH group is not absolutely
required for the catalysts to be active. Nevertheless, the RPNHP-ligated copper complex is
substantially more reactive, suggesting that nitrogen coordination is most likely present in the
catalytically active species.

Table 7. Hydrogenation of C=0 bonds catalyzed by 4a along with KO’Bu¢®
OH

i o 4a-KO'Bu /&
2 —_—
R Rl THF, RT R H Rl

Entry RCOR' 4a (mol%) KOBu (mol%) py; (psig) Time (h) Conversion (%)

1 PhCHO 2 2.4 50 24 1(0.4)
2 7\ 2 2 80 6 3
<:)\CHO

Me
3 PhCOCH; 2 2.4 80 24 0
4 PhCHO 10 12 50 24 54(43)
5 /A 10 10 80 6 45

e

aStandard conditions: RCOR' (1.0 mmol), 4a, and KO’Bu in THF (3 mL), under H, (50 or 80 psig),
at room temperature (23 °C), stirred for 6 or 24 h. ’Determined by 'H NMR spectroscopy.
“Numbers in the parentheses are the conversions of PhCHO to PhCO,CH,Ph.

Mechanistic Considerations. Among the three types of hydrogenation catalysts
examined thus far, (RPNHP)CuBr mixed with KO’Bu appears to be the most efficient one. It is
possible that the copper bromide complexes react with KOBu to yield (RPNHP)CuO’Bu and/or T-
shaped (RPNP)Cu (with concomitant elimination of HOBu),*' which then activate H, to form

copper hydrides. Indeed, the colorless solution of 1a in C¢Dg turns lemon yellow upon mixing

with KO'Bu (1 equiv), indicating some reaction between these two compounds. 'H and 3'P{'H}
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NMR spectra show multiple products along with the unreacted 1a. Unfortunately, efforts to isolate
and characterize the products were thwarted by further decomposition during the workup.

Under the hydrogenation conditions, the colors of the reaction mixtures can provide useful,
though not always definitive, information about the types of species present. When the
hydrogenation reaction is catalyzed by the orange colored 3a (Table 6, entry 1), the solution color
is a brownish yellow. Adding P"PNHP (Table 6, entry 11) changes the color first to golden yellow,
then to lemon yellow as the reaction progresses. Based on these results, we propose that the
hydride cluster reduces the carbonyl substrate and, in the presence of P"PNHP, gradually forms the
same copper species as those generated from the reaction catalyzed by 1a-KO’Bu (Scheme 5).
Without the added P"PNHP, at least 50% of 3a decomposes to Cu(0) and other copper-containing

products, which contributes to the darkening of the solution.

H
™~ .
—N KN/ iPr,
ip 4 \ H,  RCHO ) and/or P..
P ... _ 2 i N\ ..
/Cu Br—»KBr PraPl.. cu—o0 g/CU\ ,
i P . P'Pr.
Pr,P 1a BUOH ’PI’ZP/ ) N—~_ 2
+ R (+ HOCH,R)
KOBu
RCHO %PFPNHP

%(’PFPNHP)Q,CUGHG
3a

Scheme 5. Two catalytic systems converge to the same intermediate(s)

The reactivities of well-defined copper hydrides towards aldehydes and ketones have been
investigated by several research groups. The seminal study by Caulton demonstrates that [(p-
tolyl);P]¢CugHg reacts with HCHO to form HCO,CHj; catalytically, presumably via the

intermediate [(p-tolyl);P],CuOCH;.4? In Stryker’s work, (PhsP)sCugHg transfers hydride to o, [3-

unsaturated ketones to yield copper enolate complexes but shows no reaction with
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cyclohexanone.’® This result should explain why (Ph;P)sCugHg is a poor hydrogenation catalyst
for simple ketones. In studying hydrosilylation mechanisms, Nikonov reported the insertion
reaction of Ph\CHO with (Ph;P)¢CusHs which, after a day, gives (Ph;P),CuOCH,Ph (65% NMR
yield) as well as some metallic copper.> A recent study by Tran and Bullock focusing on
(NHC),Cu,H, (NHC = an N-heterocyclic carbene) confirms that the dinuclear hydride needs to
dissociate to (NHC)CuH first, and the subsequent reaction with an aldehyde or a ketone produces
a copper alkoxide complex.** As also demonstrated by Leyssens, Riant, and Sollogoub, a
monomeric (NHC)CuH built inside a cyclodextrin reduces the carbonyl group of acetophenone
and 4-phenyl-3-buten-2-one to yield an insertion product.*> In our preliminary study, we have
shown stoichiometric reduction of PhCHO, N-methyl-2-pyrrolecarboxaldehyde, and PhCOCH; by
3a to give copper alkoxide species as the major products.!® However, the complexity of the NMR
spectra does not allow us to identify other products that are potentially generated from these
reactions (e.g., (RPNP)Cu and (RPNHP)CuOH resulting from hydrolysis of the alkoxide species).
For this work, we studied the reactivity of 3a with additional substrates, especially the
challenging ones for the catalytic reactions (Scheme 6). In a typical experiment, 3a was mixed
with a carbonyl substrate (10 equiv, or 1.7 equiv on a per CuH basis) in C4Dg and the progress of
the reaction was monitored by NMR spectroscopy. A successful insertion reaction with 3a is
usually signaled by a color change from orange to brownish yellow. Interestingly, adding 4-
nitrobenzaldehyde to 3a induces an immediate color change to dark green and then to black/brown
in 30 min, consistent with a series of oxidation events by the nitro group. The reaction of pyrrole-2-
carboxaldehyde with 3a generates H, and 5a,% which can be synthesized independently from 1a,
KO"Bu, and pyrrole-2-carboxaldehyde (Scheme 7). This confirms our earlier hypothesis that the

failure to hydrogenate this specific aldehyde is due to strong substrate binding. 1-Heptanal reacts
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with 3a differently, giving (E)-2-pentyl-2-nonenal as the major organic product. The copper
alkoxide species resulting from carbonyl insertion must act as a catalyst for the aldol condensation
reaction. Methyl 4-acetylbenzoate and benzophenone undergo slow insertion, requiring days to
fully consume 3a. By comparison, the reaction of Ph\COCHj; with 3a takes 2 h to complete. The
reaction with 2-acetylpyridine is very complicated; in addition to the expected insertion product,
several other unidentified by-products are also present. Overall, the outcomes of the stoichiometric
reactions with 3a more or less reflect how these carbonyl substrates are reduced catalytically by

1a-KO'Bu.%’

CHO @\
/©/ N CHO \/\/\/CHO
O5N H

oxidizes 3a protonates 3a  undergoes aldol reaction
O
O
MeO (o)

S b

0 L
slow insertion slow insertion  unidentified side reactions

(3-4 days) (1-2 days)

Scheme 6. Substrates that lead to low or no conversions to the alcohols

/
CeDs ™\’ OHC
PrPNHP);CugH +</—\>\ ——> X
( )3 6''6 N CHO _H2 ’PrzP \

,,,,, X
3a H _ "CUHH ' CU_N .
'ProP™  Ba
/
N
)
\ @\ THF
ProP-]..cy—pr P KOBU* K P~cro

Scheme 7. Copper pyrrolide complex derived from pyrrole-2-carboxaldehyde

The carbonyl insertion into the Cu—H bond of 3a is an irreversible process, as established
by no protio incorporation into the remaining PhCDO during the reaction of 3a with 10 equiv of

PhCDO. Attempts to isolate the insertion products (i.e., the copper alkoxide complexes) including
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the independent synthesis from 1a and NaOCH,Ph have been fruitless. According to the study by
Whitesides,*® primary and secondary alkoxide complexes of Cu(I) can undergo facile thermal
decomposition via radical intermediates. The added complication to the reaction of 3a with a
carbonyl substrate is that the insertion reaction is always accompanied by the decomposition of
3a, in part due to the insufficient amount of the supporting ligand. The fact that KOBu can
enhance the catalytic reactivity of 3a (eq 3 and Table 6) encouraged us to study the stoichiometric
reduction in the presence of added KO’Bu. First, a control experiment confirms that KO’Bu does
not react with 3a. Mixing N-methyl-2-pyrrolecarboxaldehyde with 3a and KO'Buina10:1:1.2
ratio (in C4Dg) generates the insertion product more cleanly than the reaction without KO’Bu. In
other words, the addition of KO’Bu minimizes the degradation of 3a during carbonyl insertion,
possibly through the increase of negative charge on copper. Adding P'PNHP to the reaction of 3a
with N-methyl-2-pyrrolecarboxaldehyde can provide the similar benefit.

Taken together, we speculate that the catalytically active species is a mononuclear copper
hydride (RPNHP)CuH with RPNHP acting as a tridentate ligand. The hexanuclear clusters
(RPNHP);CugHg have an intense color (R = ‘Pr, bright orange; R = Cy, dark red), in contrast to the
light yellow color typically observed for a productive hydrogenation reaction. We have also
previously isolated tetranuclear clusters (RPNHP),CuyH, (R = Cy, ‘Bu) as off-white solids,'® so the
color alone cannot be used to rule out the involvement of aggregates. Furthermore, even species
spectroscopically observable during the catalytic reaction may not be directly involved in the
catalytic cycle. It should be pointed out, though, that the NH group does not coordinate to copper
in (RPNHP);Cu¢Hg and (RPNHP),CusH;. We have not yet had spectroscopic evidence for
(RPNHP),Cu,H, (n= 2, 3); however, based on reported structures of phosphine-ligated dinuclear>?

and trinuclear3*® copper hydrides (Scheme 8), the NH coordination is unlikely to be involved.

Page 26 of 42



Page 27 of 42 Inorganic Chemistry Frontiers

Therefore, we would have anticipated similar catalytic activity exhibited by 1a-KO’Bu and 4a-
KOBu. A significant NH effect, as observed experimentally, is expected for the mononuclear

copper hydride (RPNHP)CuH where the NH coordination is most likely present.*’

Bhe Phop”
AN
P MNP . :cu/_ P
PhyP. _P... /N P—
/CU—CU\P P H\
P Sy Ph PPh, C Ph
Ph, 2 \\Ehe

Scheme 8. Structures of phosphine-ligated dinuclear and trinuclear copper hydrides

Mechanistic pathways consistent with our experimental results are outlined in Scheme 9.
Starting from (RPNHP)CuBr, its reaction with KO’Bu under H, may generate the mononuclear
copper hydride (RPNHP)CuH, which can aggregate to clusters under the following circumstances:
(1) when the substrate is not added, (2) when the substrate is depleted at the end of hydrogenation,
and (3) when the substrate reacts with (RPNHP)CuH slowly. The productive catalytic cycle begins
with carbonyl insertion to form an alkoxide intermediate, which undergoes direct hydrogenolysis
to regenerate (RPNHP)CuH while releasing the alcohol product. The hydrogenolysis step may
require a prior dissociation of the NH group from copper. An alternative or perhaps parallel
pathway relies on the NH hydrogen to eliminate the alcohol product from the alkoxide
intermediate. The resulting T-shaped copper complex (RPNP)Cu activates H, to close the catalytic
cycle®  The observed H, pressure dependence (Table 3) and KIE (Scheme 2) imply that
dihydrogen activation is the turnover-limiting step, at least for the hydrogenation of Ph\CHO. The

turnover-limiting step could change to the insertion step when a less reactive carbonyl substrate is
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used. Alkylating the NH group shuts the cooperative elimination path from the alkoxide
intermediate but still allows the hydrogenolysis to occur, which accounts for the observed catalytic
activity with (RPNMeP)CuBr. The diminished activity could be due to the unfavorable steric effects
on the insertion and hydrogenolysis steps and/or only one hydride-regeneration pathway being
available. When the cluster (RPNHP);CugHg is employed as the catalyst, it can dissociate to
(RPNHP)CuH, thus entering the catalytic cycle. We cannot, however, rule out an insertion event
on the cluster prior to cluster dissociation. Neither can we completely rule out the involvement of
(RPNHP),Cu,H, (n = 2, 3). In a simplistic view, (RPNHP);CugHg should display 50% of the
catalytic activity observed for (RPNHP)CuBr (on a per Cu basis), assuming that half of the copper
sites are lost to the short-lived "CuH". In reality, other decomposition reactions also take place
from (RPNHP);CugHg and the extent of decomposition depends on the substrate used. For instance,
the reduction of PhCHO with 3a gives significantly more by-products than the reduction of N-
methyl-2-pyrrolecarboxaldehyde, which can be used to rationalize the very low PhCHO-to-
PhCH,OH conversions shown in eq 3 (without KO’Bu). In any case, the addition of KO’Bu or

RPNHP can minimize the degradation processes, leading to improved catalytic reactions.
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Scheme 9. Proposed hydrogenation mechanism

CONCLUSIONS

In this work, we have shown catalytic hydrogenation of C=0 bonds with three different
types of copper complexes, all bearing a RPNHP ligand: (RPNHP)Cu(BH4) (R = Pr, Cy),
(RPNHP)CuBr-KO’Bu (R = Pr, Cy, ‘Bu), and (""PNHP);CugHg. The copper borohydride complexes
exhibit the lowest catalytic activities. The reactions are best carried out in an alcoholic solvent,
which assists the dissociation of BH,~ from copper to initiate the reduction of aldehydes, first with
BH, and then with H,. The copper bromide complexes, when combined with KO‘Bu, show the
highest catalytic activities, allowing a variety of aldehydes and ketones to be hydrogenated to
alcohols. Challenging substrates include 4-nitrobenzaldehyde, pyrrole-2-carboxaldehyde, 1-

heptanal, and 2-acetylpyridine, and their intended hydrogenation reactions are impeded by other
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processes including oxidation or protonation of the hydride intermediates, aldol condensation, and
strong binding to copper. Less polar double bonds such as those in styrene and phenylacetylene
derivatives are resistant to the hydrogenation conditions. Replacing the NH group in
(P"PNHP)CuBr with an NMe group does not lead to a completely inactive catalyst, but the catalytic
efficiency is significantly reduced. The hexanuclear copper hydride complex (P"PNHP);CugHg
proves to be an active catalyst for aldehyde hydrogenation. It performs better than
(P"'PNHP)Cu(BH,) but worse than (P"PNHP)CuBr-KO'Bu for the hydrogenation of N-methyl-2-
pyrrolecarboxaldehyde. The catalytic reactions can be improved through the addition of a strong
base or P'PNHP,

Copper hydrides are inclined to aggregation to form clusters. For the RPNHP-ligated system,
they are known to yield the spectroscopically observable (RPNHP),CuyHy (R = Pr, Cy, ‘Bu) and
(RPNHP);CugHg (R = Pr, Cy), in which the central NH group does not coordinate to copper. The
cluster-forming process is not slow enough to be completely irrelevant for the catalytic
hydrogenation reactions. Though we favor a mononuclear copper hydride (RPN"P)CuH with the
NH group bound to copper, the catalytically active species could also be a copper hydride cluster.
We suspect that the aggregation process can become favorable when the substrates are less reactive
towards (RPNHP)CuH.>!

The effects of base additives have been examined for all three catalytic systems. In THF,
with added KO'Bu, the copper borohydride complexes show higher catalytic activities, likely due
to the removal of BH; to unmask the hydrides. The copper bromide complexes require 1 equiv of
KOBu to fully activate the catalysts. An excess of KO’Bu can be detrimental to the hydrogenation

of aldehydes due to the base-catalyzed Tishchenko reaction. The hexanuclear copper hydride
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(P"PNHP);CugHy displays an improved catalytic efficiency in the presence of KOBu, which is

shown to minimize the unproductive degradation of the cluster.

EXPERIMENTAL SECTION

General Considerations. All copper complexes described in this paper were prepared
under an argon atmosphere using standard glovebox and Schlenk techniques. Benzene-dg
(purchased from Cambridge Isotope Laboratories) was dried over sodium-benzophenone and
distilled under an argon atmosphere. Methanol, ethanol, and 2-propanol (all purchased from Fisher
Scientific) were dried over 4 A molecular sieves and then deoxygenated by bubbling argon through
them for one hour. All other dry and oxygen-free solvents used for synthesis and workup (CH,Cl,,
n-pentane, THF, and toluene, all purchased from Fisher Scientific) were collected from an
Innovative Technology solvent purification system. N-methyl-2-pyrrolecarboxaldehyde and
cyclohexanecarboxaldehyde were purchased from TCI America.  Cyclohexanone and
cinnamaldehyde were purchased from Fisher Scientific and Eastman Chemical, respectively. All
other carbonyl substrates and D, (99.8% D) were purchased from Sigma-Aldrich. Prior to use, all
liquid aldehydes were freshly distilled under argon and all liquid ketones were deoxygenated by
bubbling argon through them for 30 min. (PPNHP)CuBr (1a),’” (“YPNHP)CuBr (1b),'3
(BPNHP)CuBr (1c¢),'® PPNMeP52 and (P"PNHP);CugHg (3a)'® were prepared according to
literature procedures. Chemical shift values in 'H and '3C{'H} NMR spectra were referenced
internally to the residual solvent resonances. 3'P{'H} and ''"B NMR spectra were referenced
externally to 85% H;PO4 (0 ppm) and BF;°OEt, (0 ppm), respectively. Infrared spectra were

recorded on a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a smart orbit
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diamond attenuated total reflectance (ATR) accessory. High-resolution mass spectrometry data
were acquired using a Thermo Scientific LTQ-FT hybrid mass spectrometer.

Synthesis of (P"PNHP)Cu(BH,) (2a). A flame-dried Schlenk flask equipped with a stir
bar was charged with 1a (200 mg, 0.445 mmol) and NaBH, (84 mg, 2.22 mmol), and then chilled
in an ice bath (0 °C). After slow addition of degassed EtOH (30 mL), the reaction mixture was
gradually warmed to room temperature and stirred for 16 h. Removal of the volatiles under
vacuum afforded a white solid, which was extracted with toluene (30 mL first and then 5 mL x 3)
followed by filtration through Celite to give a colorless solution. Evaporation of the solvent under
vacuum and then washing the residue with n-pentane (5 mL x 3) afforded the desired product as a
white solid (164 mg, 95%). X-ray quality crystals were grown from a toluene/n-pentane solution.
'H NMR (400 MHz, C¢Dg, 0): 2.63-2.41 (m, NCH,, 4H), 1.83-1.69 (m, PCH(CH3;),, 4H), likely
1.56 (q, Ju.s = 82 Hz, BH,, 4H), 1.26-1.13 (m, CH(CH5), + PCH,, 16H), 1.00-0.83 (m, CH(CH5),,
12H); the NH resonance was not located. 'H NMR (400 MHz, CD;0D, 6): 2.96-2.84 (m, NCH.,,
4H), 2.09-1.97 (m, PCH(CHs;),, 4H), 1.85-1.72 (m, PCH,, 4H), 1.30-1.10 (m, CH(CHs;),, 24H),
0.71 (q, Ju.s = 81 Hz, BH,, 4H); the NH resonance was not located. 3C{'H} NMR (101 MHz,
CeDg, 0): 44.1 (t, Jop = 2.7 Hz, NCH,), 24.0 (t, Jcp = 9.3 Hz, CH(CHj3),), 19.7 (t, Jcp = 5.7 Hz,
PCH,), 19.0 (t, Jcp = 3.5 Hz, CH(CH3),), 18.2 (t, Jc.p = 2.2 Hz, CH(CH3),). 3'P{'H} NMR (162
MHz, C¢Dg, 0): 2.6 (s). "B NMR (128 MHz, C¢Ds, 0): —29.0 (quint, Jg.y = 82.8 Hz). "B NMR
(128 MHz, CD;0D, 6): —30.9 (quint, Jg.y = 80.2 Hz). Selected ATR-IR data (solid, cm): 3305
(Vn-n), 2952, 2924, 2886, 2866, 2807, 2355 (VB-Hyermina)> 2232 (82 overtone), 2020 (Vp-Hyigging)»
1944, 1458, 1362, 1127 (dgnz).- Anal. Caled for C;¢HyBCuNP,: C, 50.07; H, 10.77; N, 3.65.

Found: C, 50.01; H, 10.86; N, 3.59.
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Synthesis of (YPNHP)Cu(BH,) (2b). This compound was obtained as a white solid in
76% yield (0.24 mmol scale reaction) following a procedure similar to that used for 2a. 'H NMR
(400 MHz, C¢Dg, 0): 2.73-2.53 (m, NCH>, 4H), 2.08-1.97 (m, 4H), 1.84-1.56 (m, 27H), 1.40-1.28
(m, 10H), 1.25-1.07 (m, CyH, 12H); the NH and BH resonances were not located. '3C{'H} NMR
(101 MHz, C¢Dg, 0): 44.5 (s, NCH,), 33.9 (t, Jcp = 8.8 Hz, PCH), 29.0 (s, Cy(), 28.8 (s, Cy(),
27.5 (t, Jop = 5.9 Hz, CyC), 27.4 (t, Jcp = 4.3 Hz, Cy(), 26.6 (s, CyC), 20.1 (t, J-p = 5.9 Hz,
PCH,). 3'P{'H} NMR (162 MHz, C¢Ds, 6): —6.1 (s). "B NMR (128 MHz, C¢Ds, J): —29.8 (br).
Selected ATR-IR data (solid, cm™): 3304 (vn_p), 2921, 2845, 2802, 2349 (Vg . ina)> 2338 (VB
Hierminal)> 2245 (8pn2 overtone), 2022 (V- jging)> 1946, 1441, 1360, 1134 (8pp2). Anal. Caled for
Cy3Hs7BCuNP;: C, 61.81; H, 10.56; N, 2.57. Found: C, 61.60; H, 10.53; N, 2.55.

Synthesis of (B"PNHP)Cu(BHy) (2¢). This compound was obtained as a white solid in 69%
yield (0.50 mmol scale reaction) following a procedure similar to that used for 2a. X-ray quality
crystals were grown from a toluene/n-pentane solution. '"H NMR (400 MHz, C¢Dg, 0): 2.70-2.56
(m, NCH,, 4H), likely 1.75 (q, Ju.g = 85 Hz, BH,, 4H), 1.50-1.38 (m, PCH,, 4H), 1.36-1.07 (m,
C(CH;)3, 36H); the NH resonance was not located. '*C{'H} NMR (101 MHz, Cy¢Dg, 0): 44.5 (s,
NCH,), 33.4 (t, Jcp = 5.5 Hz, C(CHs)3), 29.7 (t, Jcp = 3.8 Hz, C(CH3)3), 19.6 (t, Jcp = 4.0 Hz,
PCH,). *'P{'H} NMR (162 MHz, C¢Dg, 6): 18.7 (s). ''B NMR (128 MHz, C4¢Dy, 9): —27.6 (quint,
Je.n = 82.3 Hz). Selected ATR-IR data (solid, cm™): 3299 (vn 1), 2937, 2895, 2863, 2795, 2353
(VB-Hiermina)» 2236 (g2 overtone), 2058 (VB y4qing)> 1969, 1468, 1389, 1363, 1357, 1137 (3p2),
1128 (dgy2). Anal. Caled for CgH49BCuNP,: C, 54.61; H, 11.23; N, 3.18. Found: C, 54.47; H,
11.23; N, 3.21.

Synthesis of (P"PNM¢P)CuBr (4a). To an oven-dried Schlenk flask equipped with a stir

bar were added P'PNMeP (479 mg, 1.50 mmol), CuBr (215 mg, 1.50 mmol), and 20 mL of THF.
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The resulting mixture was stirred for 16 h and then filtered through a plug of Celite to give a
colorless solution, which was evaporated to dryness under vacuum. The residue was washed with
n-pentane (10 mL x 3) and dried under vacuum to afford the desired product as a white solid (590
mg, 85% yield). X-ray quality crystals were grown from a saturated CH,Cl, solution layered with
n-pentane and kept at —30 °C. 'H NMR (400 MHz, C¢Dg, 0): 2.25 (s, NCH3, 3H), 2.13-1.98 (m,
4H), 1.85-1.71 (m, 4H), 1.28-1.20 (m, 4H), 1.19-1.02 (m, CH(CH;),, 24H). 3C{'H} NMR (101
MHz, C¢Dg, 0): 54.5 (t, Jcp = 3.5 Hz, NCH3), 44.3 (s, NCH,), 24.2 (t, Jcp = 7.5 Hz, CH(CHj3),),
22.2 (t, Jcp = 6.4 Hz, PCH,), 19.7 (t, Jcp= 2.9 Hz, CH(CHj;),), 19.5 (t, Jc.p= 3.0 Hz, CH(CH3),).
3SIP{TH} NMR (162 MHz, C4Dg, 6): 2.7 (s). Selected ATR-IR data (solid, cm™): 2953, 2927, 2869,
2822,2802, 1459, 1238, 1047. Anal. Calcd for C{;H3oBrCuNP,: C, 44.11; H, 8.49; N, 3.03. Found:
C, 43.86; H, 8.36; N, 3.07.

Representative Procedure for Catalytic Hydrogenation of Aldehydes and Ketones. In
a glovebox, an oven-dried Fischer-Porter tube equipped with a stir bar was charged with 1a (9.0
mg, 0.020 mmol), KOBu (0.020 mmol, from a 0.089 M stock solution in THF), and THF to reach
a total volume of 3 mL. To the resulting mixture was added 1.0 mmol of the substrate. The sealed
tube was taken outside the glovebox and flushed with H, three times, after which the H, pressure
was set to an appropriate value based on the reactivity of the substrate. The reaction was stirred
at room temperature for a desired period of time, and then H, was vented slowly. An aliquot of
the reaction mixture was evaporated and dissolved in CDCl; for NMR analysis. The conversion
of the substrate was calculated based on the '"H NMR integrations. Selected alcohol products were
subjected to purification on a pipette column packed with silica gel (eluted with a 4 : 1 mixture of

EtOAc-hexanes).
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Representative Procedure for the Reaction Between 3a and a Carbonyl Substrate. To
a dry J. Young NMR tube were added 3a (3.3 mg, 2.5 umol), a carbonyl substrate (25 pumol), and
~0.3 mL of C4Dg. The progress of the reaction (at 23 °C) was periodically monitored by 'H and
3SIP{TH} NMR spectroscopy.

Synthesis of (P"PNHP)Cu(C4H;NCHO) (5a) from Pyrrole-2-carboxaldehyde. To an
oven-dried Schlenk flask equipped with a stir bar were added 1a (90 mg, 0.20 mmol), KO'Bu (27
mg, 0.24 mmol), and 10 mL of THF. The resulting mixture was stirred for 2 min, after which
pyrrole-2-carboxaldehyde (19 mg, 0.20 mmol) was added. The reaction was kept at room
temperature under stirring for 2 h, resulting in a color change from light yellow to orange. The
volatiles were removed under vacuum and the residue was extracted with toluene (5 mL x 3). The
combined toluene solutions were concentrated under vacuum, affording the product as an orange-
yellow oil (68 mg, 73% yield). Attempts to crystallize the product from n-pentane were
unsuccessful. 'H NMR (400 MHz, C¢Dg, 9): 9.57 (s, CHO, 1 H), 7.48 (s, pyrrole CH, 1H), 7.22
(s, pyrrole CH, 1H), 6.62 (s, pyrrole CH, 1H), 4.12 (br, NH, 1H), 2.66-2.43 (m, 4H), 1.62-1.51 (m,
4H), 1.27-1.29 (m, 4H), 0.95-0.84 (m, CH(CH;),, 24H). BC{'H} NMR (101 MHz, C¢Dg, 6): 179.3
(s, CHO), 142.5 (s, pyrrole C), 140.3 (s, pyrrole C), 125.2 (s, pyrrole C), 111.9 (s, pyrrole C), 45.2
(s, NCHy), 24.2 (t, Jcp = 6.6 Hz, CH(CHs),), 23.2 (t, Jcp = 6.3 Hz, PCH,), 19.2 (br, CH(CHj3),),
19.0 (br, CH(CHj3),). 3'P{'H} NMR (162 MHz, C¢Ds, d): 3.1 (s). Selected ATR-IR data (neat,
cml): 3243 (vnon), 2952, 2927, 2868, 2754, 2717, 1622 (vc—o), 1592, 1461, 1441, 1385, 1364,
1340, 1317. ESI-MS of 5a in acetonitrile (m/z): [(P"PNHP)Cu]" calcd for CsH37NP,Cu 368.16918,
found 368.16908; [(*"PNHP)Cu + O]" calcd for C,sH37NOP,Cu 384.16409, found 384.16413; the
parent ion of Sa was not found.

X-ray Structure Determinations. Crystal data collection and refinement parameters are
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provided in the Electronic Supporting Information (ESI). Intensity data were collected at 150 K
on a Bruker APEX-II CCD diffractometer using Mo Ko radiation, A =0.71073 A. The data frames
were processed using the program SAINT. The data were corrected for decay, Lorentz, and
polarization effects as well as absorption and beam corrections based on the multi-scan technique.
The structures were solved by a combination of direct methods and the difference Fourier
technique as implemented in the SHELX suite of programs and refined by full-matrix least-squares
on F2. Non-hydrogen atoms were refined with anisotropic displacement parameters. For 2a and
2¢, hydrogen atoms bound to N and B were located directly from the difference map; the
coordinates were refined with the exception of the B-bound hydrogen atoms in 2¢. The B-H
hydrogens for 2¢ were held fixed at the located positions during the final stage of refinement. All
remaining hydrogen atoms were calculated and treated with a riding model. Crystal structures
mentioned in this paper have been deposited at the Cambridge Crystallographic Data Centre

(CCDC) and allocated the deposition numbers CCDC 2089300-2089302.
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