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Carbonyls as Latent Alkyl Carbanions for Conjugate Additions
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Abstract: Conjugate addition of carbon nucleophiles to
electron-deficient olefins is one of the most powerful methods
for forming carbon—carbon bonds. Despite great achievements
in controlling the selectivity, variation of the carbon nucleo-
philes remains largely underexplored, with this approach
relying mostly on organometallic reagents. Herein, we report
that naturally abundant carbonyls can act as latent carbon
nucleophiles for conjugate additions through a ruthenium-
catalyzed process, with water and nitrogen as innocuous
byproducts. The key to our success is homogeneous ruthenium-
(II) catalysis, combined with phosphines as spectator ligands
and hydrazine as the reducing agent. This chemistry allows the
incorporation of highly functionalized alkyl fragments into
a vast array of electron-deficient olefins under mild reaction
conditions in a reaction complementary to the classical
organometallic-reagent-based conjugate additions mediated
or catalyzed by “soft” transition metals.

Conjugate addition of carbon nucleophiles to electron-
deficient olefins represents one of the most reliable alkylation
strategies for carbon—carbon bond formation with exclusive
1,4-regioselectivity.!!! Traditional conjugate additions to o.,p-
unsaturated carbonyl compounds and related electron-defi-
cient olefins are generally accomplished in two ways:
1) through a “soft” enolization of carbonyl derivatives bear-
ing acidic methylene protons (Figure 1 A),'*% and 2) through
a “soft” transition-metal-mediated or -catalyzed addition
process with metals such as copper and® rhodium,”! and
among others,! whereby stoichiometric organometallic or
organometalloid reagents serve as carbon nucleophiles (Fig-
ure 1B).P’ Relative to the tremendous progress in controlling
the selectivity, especially the stereoselectivity,® >4 the
choice of carbon nucleophiles remains limited, in spite of
the importance of this issue for chemical diversification.
Taking the most important organometallic-reagent-based
method as an example, stoichiometric amounts of metal are
essential to generate carbon nucleophiles from petroleum-
derived organohalides. Furthermore, the high reactivity and
basicity of most organometallic reagents often make it
challenging to realize broad functional-group tolerance and
demand strict control in terms of low-temperature, anhy-
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Figure 1. Carbon nucleophiles used in conjugate additions for the
formation of new C—C bonds. a) Carbonyl derivatives bearing acidic
methylene protons are employed as carbon nucleophiles in the
classical Michael addition. b) Traditional “soft” metal-mediated or
-catalyzed conjugate additions rely on organometallic or organometal-
loid reagents as carbon nucleophiles. c) Carbonyl compounds were
discovered to act as latent alkyl carbanions via hydrazone formation
for conjugate additions catalyzed by ruthenium with phosphine ligand
(this work). C-Nu = carbon nucleophile; cat. = catalytic, EWG =elec-
tron-withdrawing group.

drous, and oxygen-free reaction conditions.”™ Rare variants
of carbon nucleophiles, along with innate constraints imposed
by organometallic reagents, prompted us to explore viable
carbanion alternatives for conjugate addition reactions.
Herein, we report a ruthenium(II)-catalyzed conjugate addi-
tion of carbonyl compounds!® masked as “soft” alkyl carban-
ions, through polarity reversal,”! to a wide range of electron-
deficient olefins under mild reaction conditions (Figure 1C)
in a reaction complementary to the organometallic-reagent-
based conjugate additions mediated or catalyzed by “soft”
transition metals.

Very recently, we developed a ruthenium-based catalytic
system for direct deoxygenation of primary aliphatic alcohols,
which proved to be highly chemo- and regio-selective with
both simple and complex compounds.® Capitalizing on the
ruthenium complex (A, Figure 2) postulated in the deoxyge-
nation reaction, we made another significant discovery by
engaging carbonyl compounds (B, Figure 2) to form new
carbon—carbon bonds, possibly via a six-membered ring,
chair-like transition state (C, Figure 2).") We speculated
that the polarized carbon—carbon double bonds in electron-
deficient olefins might be an equally reactive substitute for
carbonyl compounds in C (D, Figure 2). In addition, the soft
nature of ruthenium(II), which bears a resemblance to “soft”
metals in classical conjugate addition,'” led us to question
whether such homogenous ruthenium(II) catalysis could be
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. 0¥ . + phines linked by alkylidene bridges outperformed
CI\R’lu/P) RgJQ‘RA . ROH cl . 6L . R R|u those with other linkers, including 1,1'-bis(diphe-
ip - ' /\ N \:3 1 \ SN \:\”) nylphosphino)ferrocene (dppf, L), 2,2-bis(di-
ST SR . j/ AN whar R j/ 4o phenylphosphino)-1,1"-binaphthyl (BINAP, L;,),
A R g R ¢ and 4,5-bis(diphenylphosphino)-9,9-dimethylxan-
; six-membered ring TS thene (Xantphos, Ly,; entries 5-8 vs. 10-12). In
the former case, an alkylidene linker with three
J carbons is optimal, since attenuated reactivity was
RZ R R? shown in others with either longer or shorter
R R1/\)\EWG RKS(OH linkers. Finally, we concluded that 1,3-bis(diphe-
R® RS R nylphosphino)propane (dppp, L;) was the opti-
[ Michaslype adduct  Grignard-type adduct mal spectator ligand for binding to [Ru(p-cyme-

ne)Cl,], in the current reaction.

Under the optimized reaction conditions, 3a
was obtained in 91% yield (Scheme 1, entry 7).
The scope of the optimized conjugate addition
process was initially explored using aromatic
carbonyl compounds as carbon nucleophiles in
the presence of L, In general, moderate to
excellent yields were obtained using a broad range of
electron-rich and electron-poor aromatic aldehydes
(Scheme 2, 3a-n). A number of functional groups, including
an allyl phenol ether (3h), aryl ethers (3g, 3i), aryl halides
(3b, 3¢), and trifluoromethyls (3d, 3e) were compatible with

Figure 2. Mechanistic hypothesis of using carbonyls as alkyl carbanions for conjugate
additions. Inspired by the postulated ruthenium complex A in deoxygenation
chemistry, and its recent proof-of-concept application for C—C bond formation
through carbonyl addition, we hypothesized that A could be intercepted by Michael
acceptors to produce conjugate addition products. TS =transition state.

even more effective for conducting conjugate additions than
carbonyl additions. To verify this hypothesis, benzaldehyde 1a
and fert-butyl acrylate 2a were chosen as model substrates.
The preformed hydrazone from 1a was treated with 2a in the
presence of [Ru(p-cymene)Cl,],, 1,2-bis(dimethylphosphino)-
ethane (dmpe, L;), and K;PO, in THF solution.
To our delight, the desired Michael-type 1,4-
adduct 3a was obtained in 76% yield at 50°C
after 5 h, with a stoichiometric amount of CsF as )J\ |
an additive (Scheme 1, entry 3).'"l It should be  pn” > THRRT,30min Ph)\H

tert-butyl acrylate 2a (1.0 equiv)
[Ru(p-cymene)Cl,], (0.75 mol%)

~NH,
N L (P/Ru=2)

o) NaHg Ho0

O'Bu
Ph/\/\ﬂ/

K3POy (25 mol%), CsF (100 mol%)

o
noted that no desired 1,4-adduct was produced in 1a THF, 50%C, 5h 3a
the absence of the ruthenium(II) precatalyst,'?  enty L Vield (%) Entry L Yield (%)
and a significantly lower yield was obtained 1 Ly 73 7 L 91
without the participation of either phosphine 5 L, - 5 L -
ligands or cesium fluoride (40% and 65 % yield
as measured by '"H NMR, respectively). Our early : ks ® ° te “©
investigation into spectator ligands bound to the 4 Ls 60 10 L1o =U
ruthenium(IT) precatalyst suggested that signifi- 5 Ls 58 1 Lu 45
cant enhancement in catalyst activity is achieved 6 is 76 12 o 37
when using electron-rich phosphine ligands.b*/1 In =~ --------------mmommmoe oo TAGEE B

H C C

Fontrgst, strong © dono.rs other than phosphines, Me\,la/""e y\l/ Y Ve, /\/E\Me N /\/}L\Et
including N-heterocyclic carbenes (NHCs) and Me Cy I i
charge-neutral amido ligands, were largely infe- PMes (Lq) PCys (Ly) dmpe (Ls) depe (Ly)
rior. Aligned with this observation, studies on the Ph Ph
influence of various electron-rich phosphine Ph\f/\T”Ph Pho /\/#\Ph Ph‘f/\/\f’Ph PhL,, NE\Ph
ligands were prioritized for optimization Fh Ph b Fh Fh L
(Scheme 1). In fact, the conjugate addition of dppm (Ls) dppe (Le) dppp (L7) dppb (Lg)

benzaldehyde-derived hydrazone to 2a pro-
ceeded smoothly as long as certain phosphines

I,

o > —pen,

were used as dative ligands, regardless of their
denticity. Nevertheless, varying degrees of cata-
lyst activity were observed, resulting in yield
variations for 3a. For instance, monodentate
tricyclohexylphosphine (PCy;, L,) was less effi-
cient than bidentate 1,4-bis(dicyclohexylphosphi-
no)butane (dcpb, Ly; entry 2 vs. 9). However, the
use of trimethylphosphine (PMes;, L;) and L;
afforded comparable yields (entry 1 vs. 3), pre-
sumably owing to their similar electronic and
steric nature. On the other hand, diphenylphos-
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Scheme 1. Effect of various phosphine ligands. Reaction conditions: Ta (25 pL,
0.24 mmol), N,H,-H,O (13 pL, 0.26 mmol), THF (100 pL), room temperature,

30 min; 2a (30 uL, 0.2 mmol), [Ru(p-cymene)Cl,], (0.9 mg, 0.75 mol %), L, and L,
(3.0 Mol %), or Ly—Ly, (1.5 mol %), K,PO, (10.6 mg, 25 mol %), CsF (30 mg,

100 mol %), 50°C, 5 h, under N,. The volume of N,H,-H,0O was measured more
precisely using the prepared stock THF solution (details in the Supporting
Information). Yields were determined by "H NMR using mesitylene as an internal
standard.
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Scope with respect to aromatic carbonylsla] (L: dppp L7 or dmpe Lj; base: K3PO,)

1 X
[ 4 S 4
CO,Bu CO,Bu _ CO,Bu

3b: 2-Cl; 3c: 4-Cl 3d: 2-CFy; 3e: 4-CF
L, 82% (3b); 98%(3c) Ly, 94% (3d); 90%(3e)

Ly 91 % : :
L3 67% (3b); 71%(3c) Ly, 83% (3d); 67%(3e)

L, 76%; 88%!°)

R
\©\/\/ CO,Bu < D\/\/CO{BU

CO,Bu
3f: R = Me; 3g: R = MeO; 3h: R = O-Allyl 3¢l

Ly, 58% (3f); 55% (3g); 50% (3h) L7 30% Ly, 23%

Ly, 76% (3f); 80% (3g); 79% (3h) Ly 69% L3 50%
7 . CO,'Bu

X CO,Bu CO,'Bu
3k:X=0;3l:X=8
Ly, 58% (3k); 57% (31) L7_ 83% L7' 78%
Ly, 62% (3k); 64% (31) L 38% Ly 73%

Scope with respect to electron-deficient olefins

CO,Et
COMe

4c: Ry = Me, Ry = H; 4d: R3—H Rs=Me 4e:R=Et 4f. R=Ph

Ly, 96% Ly, 42% (4c); 27% (4d) Ly, 75% (4e); 69% (4f)
L3 60% L, 82% (4c); 27% (4d) L3, 72% (4e); 80% (4f)
NHR
4h:R=H; 4i:R=Pr 4
L7 64% Ly, 49% (ah); 36% (4i) Ly, 47%
L3 92% L3, 52% (ah); 67% (4i) L3 69%
4k 4)ld) 411d]
Ly 74% Ly, 39% Ly 43%
L3 62% L, 44%; 0%lc] L3, 45%; 98%!°!

Scope with respect to aliphatic aldehydes! (L: depe Ly; base: KOtBu)

OEt
OEt NN /
// SOEt

// OEt
30, 40% 3p, 44% 3q, 42%

Scheme 2. Scope of conjugate additions with carbonyls as masked
alkyl carbanions (3a-q: from 1a-q reacting with 2a or 2g; 4b-I": from
1a reacting with 2b-l). [a] Reaction conditions: Ta—l (0.24 mmol),
N,H,-H,0 (13 L, 0.26 mmol), THF (100 uL), room temperature,

30 min; 2a-1 (0.2 mmol), [Ru(p-cymene)Cl,], (0.9 mg, 0.75 mol %), L
L, or L, (1.5 mol %), K,PO, (10.6 mg, 25 mol %), CsF (30 mg,

100 mol %), 50°C, 5 h, under N,. Isolate yields were reported.

[b] Gram-scale synthesis was conducted (2a, 10 mmol). [c] Hydrazone
synthesis and the subsequent conjugate addition reaction were con-
ducted at 80°C for 24 h. L (0.5 pL, 1.5 mol %), KOt-Bu (5.6 mg,

25 mol%). [d] 4] and 41" were isolated as a mixture in the reaction.

[e] Hydrazone (2.4 equiv) was prepared from 1a (0.48 mmol) and
N,H,-H,O (26 uL, 0.52 mmol). [f] 1o--q (0.24 mmol), 2g (0.2 mmol),
L: L, (0.7 uL, 1.5 mol %), Base: KOt-Bu (5.6 mg, 25 mol%). The
volume of L, was measured more precisely using the prepared stock
THF solution.

this transformation. Heteroaromatic aldehydes containing
furans (1k), thiophenes (11), and pyridines (1m) were also
effective as nucleophilic coupling partners. A formally similar
conjugate addition reaction (analogous to the formation of 3k
from 1k) could be carried out through a step-wise Kishner
reduction of 2-furylhydrazone and the ene reaction.™
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Surprisingly, 2-pyridyl substituent does not cause any attenu-
ation in catalyst reactivity, despite the fact that it is a well-
known chelating ligand in transition metal catalysis.'"l On the
contrary, steric hindrance proves to be a stronger factor in
catalytic reactivity, since significantly lower yield was
obtained with aromatic ketone 1j, even at elevated temper-
ature, compared to aldehyde counterpart la. In addition,
poor to moderate yields were observed for electron-rich
aromatic aldehydes (3f-i). To improve catalyst activity,
a more cost-effective bidentate alkylphosphine (dmpe, L;:
a stronger o donor but a weaker macceptor than L,) was
chosen instead of 1,2-bis(diethylphosphino)ethane (depe, Ly),
which was better in the model study (Scheme 1, entry 4 vs. 3).
Indeed, the switch from L; to L; led to higher conversions and
yields across all electron-rich aromatic aldehydes (3 f-i, L; vs.
L,). Notably, this ligand switch overcame the steric disad-
vantage of aromatic ketones, providing a modest yield
improvement (3j, L; vs. L;). In contrast to the yield increase
for electron-rich aromatic aldehydes, a decrease in yield was
detected for most electron-deficient counterparts (1a—e, 1m).
Nevertheless, a synthetically valuable feature of the current
reaction is its ability to incorporate highly functionalized
benzyl groups into o,f3-unsaturated esters through conjugate
addition." Such benzyl incorporation has long been a non-
trivial challenge in the classical organometallic-reagent-based
methods. Importantly, an effective gram-scale synthesis of 3a
(1.94 g, 88%) was carried out to demonstrate the practic-
ability of the current method (Scheme 2, 3a with Lj).

Next, the scope with respect to the electron-deficient
olefins was surveyed. Under standard reaction conditions,
a broad spectrum of electron-deficient olefins were success-
fully coupled with benzaldehyde-derived hydrazone to give
the corresponding 1,4-addition products in moderate to
excellent yields (Scheme 2, 4b-1). Specifically, esters (4a-d),
ketones (4j-1), sulfones (4e, 4f), phosphonates (4g), and
amides (4h, 4i) were all accommodated, thus demonstrating
the mildness of the reaction conditions and the broad
functional-group tolerance of this method. Exclusive 1,4-
regioselectivity was observed for the acyclic enone and 2-
cyclopentenone (4j, 4k). In the case of 2-cyclohexenone,
however, cyclic tertiary alcohol 41' was generated through
dibenzylation of 21 in a slightly higher yield than the desired
monobenzylated product 41 (L;, 41 vs. 41). Doubling the
amount of hydrazone (2.4 equiv) prepared from 1a led to the
exclusive formation of 41 in 98% yield. Intriguingly, the
unorthodox dibenzylation featuring successive 1,4- and 1,2-
addition did not occur with 2k. This striking reactivity
difference between 2k and 21 likely stems from the torsional
ring-strain increase in 5-membered rings, since the sp*-
hybridized carbon atom could have changed to an sp’-
hybridized carbon atom through benzylation. Consistent
with the negative steric influence seen earlier in aromatic
ketones, the reactivity of sterically bulky olefins dropped
dramatically. For example, compared to the linear propio-
nates 2a and 2b, a methyl substituent at the o position of
propionate 2d caused a drastic reduction in yield. By contrast,
minor steric influence on reactivity was noticed in 3-branched
propionate 2¢. In cases where the use of L, provided low
yields, a ligand switch to L; was generally necessary to
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increase the yields (4b, 4 f—j), albeit with a few exceptions (4d
and 41).

To further exploit the versatility of this method, aliphatic
aldehydes bearing different substituents (arylmethyl, cyclo-
hexyl, and ethyl) were examined in conjugate additions to
diethyl vinylphosphonate 2g (Scheme 2, 30—q). Unfortu-
nately, performing these reactions under standard conditions
only afforded trace amounts of the corresponding 1,4-
addition products. Enlightened by our previous study on
carbonyl and imine additions,””! we found two critical factors
that enhance the reactivity of aliphatic aldehydes: basicity
and choice of ligand. Combination of the stronger base KOt-
Bu and the more potent phosphine ligand L, delivered
modest yields of the desired alkyl phosphonates in all cases.
Although preliminary, success in coupling aliphatic aldehydes
with electron-deficient olefins through conjugate addition is
exciting because the majority of natural carbonyl compounds
belong to this class.

In summary, we have developed carbonyls as latent alkyl
carbanions for conjugate additions through ruthenium(II)-
catalyzed reductive coupling, with hydrazine as the key
reductant. Such carbon nucleophiles can react with various
electron-deficient olefins in a manner that is complementary
to the “soft” metal-based carbanions in the classical conjugate
additions. This reaction proceeds under mild conditions and
tolerates a variety of functional groups on both coupling
partners. Efforts to elucidate the mechanism, expand the
range nucleophilic carbonyl partners, and develop an asym-
metric variant are ongoing in our laboratory.

Experimental Section

Representative procedure (gram-scale synthesis): A flame-dried
flask (50 cm®) equipped with a magnetic stir bar was charged with
[Ru(p-cymene)Cl], (46 mg, 0.075 mmol, 0.75 mol%) and K;PO,
(0.53 g, 2.5 mmol, 25mol%). The flask was transferred into the
glove box and charged with dmpe (25 pL, 0.15 mmol, 1.5 mol %) and
CsF (1.52 g, 10 mmol, 100 mol %) before being sealed with a rubber
septum. The flask was then moved out of the glove box and
sequentially charged with fert-butyl acrylate (2a; 1.46 mL, 10 mmol,
1.0 equiv) and “hydrazone solution” (ca. 6.8 mL, see below) under N,
atmosphere. The reaction mixture was then heated to 50°C in an oil
bath. Upon stirring for 5 h, the reaction mixture was filtered through
a plug of silica gel with EtOAc (50 mL) as the eluent, concentrated,
and purified by flash chromatography (hexane/ethyl acetate 90:10 as
the eluent) to give the corresponding product 3a as a colorless oil
(1.94 g, 88 % yield). Hydrazone solution: A mixture of benzaldehyde
(1a; 1.22mL, 12mmol, 1.2equiv) and hydrazine monohydrate
(630 uL, 13 mmol, 64-65 wt %, 1.3 equiv) in THF (5 mL) was stirred
at room temperature for 30 min. Prior to injection of this hydrazone
solution into the reaction mixture, a small amount of anhydrous
Na,SO, was added.
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