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Solid State Aldol Reactions of Solvated and Unsolted Lithium Pinacolone
Enolate Aggregates

Huan Pang, Paul G. Williard
Department of Chemistry, Brown University
Providence, R1 02912 USA

Abstract: We reported the first systematic study of the setate aldol reactions of
solvated and unsolvated lithium pinacolone enolath a variety of solid aromatic
aldehydes utilizing a mortar and pestle conditiercomparison with the simple ball
milling condition or tetrahydrofuran (THF) solutionondition. In solution, the

reactions are highly-selective with the aldol coms#ion product at room
temperature. Under the condition of mortar andleg#te reactions with unsolvated
lithium pinacolone enolate showed the mixture afoélcondensation product and
aldol addition product at room temperature. Witle tiisage of solvated lithium
pinacolone enolate, higher yields for most subssravere obtained. Furthermore,
repeating the reactions under a simple ball biltogdition with no other precautions
at room temperature, we achieved high selectivity gield of products for all

substrates, indicating the powerful ability and thdility of solid-state,

mechanochemical aldol reaction conditions.
Introduction

Aldol and related reactions are perhaps the masdelwiutilized carbon-carbon bond
forming reactions in organic chemistry. Despite ¢jameral utility of these reactions
only a few previous studies report that solvene freaction conditions yield aldol
products, aldol condensation products or aldol-dhgimko reaction products and

often mixtures theredf.In this study we focus on controlling parameteushsas

! (a) Sharma, D. K.; Singh, B.; Mukherjee, D. Aldol reaction of kojic acid using alumina supported base

catalyst and enzymatic resolution of the aldol adduct by CALB. Tet. Let. 2014, 55, 5846-5850. (b)
Banon-Caballero, A.; Guillena, G.; Najera, C., Solvent-free enantioselective organocatalyzed aldol
reactions. Mini-Reviews in Organic Chemistry 2014, 11, 118-128. (c) Niu, F.; Zhang, L.; Luo, S.-Z.; Song,
W.-G. Room temperature aldol reactions using magnetic Fe;0,@Fe(OH); composite microspheres in
hydrogen bond catalysis. Chem. Commun. (Cambridge, United Kingdom) 2010, 46, 1109-1111. (d)

Rodriguez, B.; Bruckmann, A.; Rantanen, T.; Bolm, C., Solvent-free carbon-carbon bond formations in
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stoichiometry, time, reagent composition and reactprotocol to assess their
influence on the yield and selectivity of formatioh aldol reaction products of the
lithium enolate of pinacolone utilizing a simple chanochemical protocol.
Specifically, this study correlates the solvatidates and the aggregation state of the
lithium enolate ott-butyl methyl ketone by starting with a solid erelaf rigorously
known composition and solvation to access the weigc for formation of the

aforementioned products upon reaction with somenatic aldehydes.

Preparative mechanochemical reactions typicallylymnmpilling, e.g. ball, vibration,
attritor or planetary, although alternatives sushsarew extrusion and shearing are
known? The advantages and drawbacks of preparative mechamistry as well as
the scope of different reaction types are concisdlicidated in a 2013 issue of

Chemical Reviews devoted exclusively to this topic and more regemml a 2017

ball mills. Adv. Synthesis & Catalysis 2007, 349, 2213-2233. (e) Rodriguez, B.; Bruckmann, A.; Bolm, C.,
A highly efficient asymmetric organocatalytic aldol reaction in a ball mill. Chem. - A European Journal
2007, 13, 4710-4722. (f) Kaupp, G., Stereoselective thermal solid state reactions. Topics in
Stereochemistry 2006, 25, 303-354. (g) Raston, C. L.; Scott, J. L. Chemoselective, solvent-free aldol
condensation reaction. Green Chem. 2000, 2, (2), 49-52. (h) Tanaka, K.; Toda, F., Solvent-free organic
synthesis. Chem. Rev. (Washington, D. C.) 2000, 100, 1025-1074. (i) Toda, F.; Tanaka, K.; Hamai, K.,
Aldol condensations in the absence of solvent: acceleration of the reaction and enhancement of the
stereoselectivity. J. Chem. Soc, Perkin 1 1990, 3207-3209.

2 (a) Quaresma, S.; Andre, V.; Fernandes, A.; Duarte, M. T. Mechanochemistry - A green synthetic
methodology leading to metallodrugs, metallopharmaceuticals and bio-inspired metal-organic
frameworks. Inorg. Chim. Acta 2017, 455, (Part_2), 309-318. (b) Hernandez, J. G.; Bolm, C. Altering
product selectivity by mechanochemistry. J. Org. Chem. 2017, 82, (8), 4007-4019. (c) Do, J.-L.; Friscic, T.
Chemistry 2.0: Developing a New, Solvent-free system of chemical synthesis based on
mechanochemistry. Synlett 2017, 28, (16), 2066-2092. (d) Tan, D.; Loots, L.; Friscic, T. Towards
medicinal mechanochemistry: evolution of milling from pharmaceutical solid form screening to the
synthesis of active pharmaceutical ingredients (APIs). Chem. Commun. (Cambridge, U. K.) 2016, 52,
(50), 7760-7781. (e) Hernandez, J. G.; Friscic, T. Metal-catalyzed organic reactions using
mechanochemistry. Tetrahedron Lett. 2015, 56, (29), 4253-4265. (f) Takacs, L. The historical
development of mechanochemistry. Chem. Soc. Rev. 2013, 42, (18), 7649-7659. (g) Craig, S. L.
Mechanochemistry: A tour of force Nature (London, U. K.) 2012, 487, (7406), 176-177. (h) Kaupp, G.
Stereoselective thermal solid-state reactions. Top. Stereochem. 2006, 25, 303-350.



Journal of Organic Chemistry perspectivé. In this manuscript, we emphasize the
influence of solvation of the pinacolone enolatesmall scale reactions that are

routinely performed without any special milling gguent.

The major potential advantages of solvent-free soldl-state reactions are that they
are significantly less sensitive to moisture, amitinely performed at room

temperature and usually do not require an ineytattinosphere or rigorously purified,
dry solvents. Thus, performing aldol reactions wnaeechanochemical conditions
eliminates the use of bulk solvents but also miégasignificant safety concerns in
handling bulk solutions of very reactive alkali mlebrganic compounds under inert
and frequently sub-ambient temperature. Atmosphmicsture seems to have little
effect on solvent-free and/or mechanochemical algjué reactions mainly because

ambient water is at the ppm leVel.

RESULTS AND DISCUSSION

This study of aldol reactions utilizes the lithiuenolate of pinacolone as the
nucleophile because we can precisely control itgreagation and solvation state.
Hence unsolvated lithium pinacolone enolat@insolvated) was prepared as a white
solid by treating pinacolone with freshly made LD# pentane at 0° C per an

established protocdl. Our previous x-ray crystallographic study reveatkat the

3 (a) James, S. L.; Friscic, T. Mechanochemistry. Chem. Soc. Rev. 2013, 42, (18), 7494-7496. (b)
Boldyreva, E. Mechanochemistry of inorganic and organic systems: what is similar, what is different?
Chem. Soc. Rev. 2013, 42, (18), 7719-7738. (c) Hopgood, H.; Mack, J. "An increased understanding of
enolate additions under mechanochemical conditions". Molecules 2017, 22, (5), 6961-6967.

4 Waddell, D. C.; Clark, T. D.; Mack, J. Conducting moisture sensitive reactions under

mechanochemical conditions. Tetrahedron Lett. 2012, 53, (34), 4510-4513.

> Williard, P. G.; Carpenter, G. B., X-ray crystal structure of an unsolvated lithium enolate anion. J. Am.
Chem. Soc. 1985, 107, 3345-3346.



enolatel (unsolvatedkexists as a hexameric aggregate havings@d.core structure
illustrated in Figure la. Six lithium and six oxygatoms of the enolate hexamer
occupy alternatively the twelve corners of a hexadgrism. Each lithium atom is

surrounded by three enolate oxygens.
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Figure 1. Lithium enolate aggregates derived from pinacolone

Alternatively, crystallization from THF and pentaselution yields a THF-solvated
lithium pinacolone enolate as a tetrameric aggeeghapicted in Figure 1b ab
(solvated)® The tetrameric aggregate bfsolvated)is an almost perfect cube with
vertices consisting of four lithium and four oxygatoms. The lithium atoms are each
surrounded by one THF oxygen and three enolate emg/gso that a distorted
tetrahedral coordination sphere results. Hencéeiuy these different aggregates of
unsolvated and THF-solvated pinacolone enolatéredntdifferent reactants initiate

solid state reactions described below.

Initially we investigated solid-state, mechanochshialdol reactions utilizing the
hexameric enolatd (unsolvated) using an agate mortar and pestle rmadual
grinding. With a goal to optimize the yield of tpeoducts of the reaction of this

unsolvated enolate with eith@Cl-benzaldehyde op-Br-benzaldehyde, we report

6 Amstutz, R.; Schweizer, W. B.; Seebach, D.; Dunitz, J. D., Tetrameric cubic structures of two solvated
lithium enolates. Helvetica Chimica Acta 1981, 64, 2617-2621.



the results of changing the ratio of enolate to dldehyde electrophiles shown in
Table 1. All of reactions were carried out as désct above using ratios of
unsolvated pinacolone enoldt¢o 4-halobenzaldehydea or 2b, ranging from 1.2:1

to 2:1 (Table 1). These results clearly show thetd is a specific ratio of enolate to

electrophile required to optimize the yield of puatk,i.e. 1.2:1.

Table 1. Effect of the ratio of reactants on thedid state aldol reaction between

pinacolone enolate 1 (unsolvated) and p-halo-benziydes (2a and 2b)

[} [¢] OH [e]
OLi
" Solid State AN
+ - +
t, 0.5h
R R R
1(unsolvated) 2a: R=Cl 3a: R=Cl 4a: R=Cl
2b: R=Br 3b: R=Br 4b: R =Br

Entry Aldehyde 1 (unsolvatedd Conversion (%) Yield(%) 3 Yield (%)4  Total Yield (%)

1

2

2a 1.2:1.0 98 41 45 86
2a 1.6:1.0 >99 34 29 63
2a 2.0:1.0 >99 35 26 61
2b 1.2:1.0 97 20 25 45
2b 1.6:1.0 >99 20 14 34
2b 2.0:1.0 >99 12 15 27

Reactions were conducted on a 2.0 mmol scale fir 8t room temperature using mortar and
pestle. Isolated yields of products after colurnromatography are reported.

The first noteworthy observation is that the salidte aldol reaction using mortar and
pestle resulted in complete conversion of the gldeRa into products. When 2 full
equivalents of pinacolone enolate were used, ttiel @ondensation produ@a and
the aldol addition produc#la were obtained in 35% and 26% isolated yield
respectively (Table 1, entry 3). It is also notethy that the isolated yields of both
3a and4a differ slightly as the stoichiometry of enolatecoeased from 2.0 to 1.6
equivalents (entry 2). The optimum combined vyielfl 86% of aldol and

condensation products was achieved by using 1l1.2vaeguts of unsolvated



pinacolone enolate (entry 1). Similar results wembtained when
4-bromobenzaldehyd2b was employed (entry 4). With aldehydle, we observed
that the best combined yield (45%) was also obthineing 1.2 equivalents of
pinacolone enolate. Use of more than 1.6 equivalehtenolate led to a dramatic
decrease in the combined yield of aldol condensapmduct and aldol addition
product. We found that yields of aldol and condénsaproducts3 and 4 were
lowered due to the Michael addition reaction of essc enolate to the aldol
condensation product as seen in the crude NMR rgpettthe reaction mixtures
although these Michael addition products were noifipd and isolated. Thus, with a
higher ratio of enolate to aldehyde, the conversibtihe aldehyde2@ and2b) can be
increased but at the same time, Michael additiorafess enolate t8b is more
favorable. Based on the results in Table 1, sulss#gexperiments were limited to an

enolate to aldehyde ratio of 1.2:1.

Figure 2. Structures of substituted aldehydes in dbl reaction
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The aldol derived product yields are significantifluenced by the electronic nature
of the substitution in the aldehy@e(Figure 2 and Table 2). Electron withdrawing
groups on thepara or ortho position of the benzene ring (Table 2, entries 9-80)
leads to reactions being completed in shorter tintgle the electron-donating groups,
such as benzyloxy (entries 19-20), phenyl (enRie£2), and dimethylamino (entries
23-24) lead to reactions being completed in lorigee utilizing either unsolvated
enolate or THF solvateenolate. This observations mirror expected redgtivi
differences among the differing electrophiles. dtalso noteworthy that yields of
products with electrophiles depicted in entries287eof Table 2 are improved by
lengthening the reaction times to 1h instead oh.OThe longer reaction times also

result in a higher ratio of aldol condensation picido aldol addition product.

Table 2. Scope of the aldol reaction of the lithiunpinacolone enolate (1) to

aldehydes (2) in the solid state using mortar andgstle

o o OH (o}
OLi
= H Solid State F ~ F
+ R-— I —_— R—- I + R— |
AN it AN AN

1 2(a-n) 3(a-n) 4(a-n)

Entry Enolate Aldehyde  Time (h) Yield 3 (%) Yield4 (%) Total Yield (%)
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18 1 (solvated) 2j 1 54 10 64

19" 1 (unsolvated) 2k 1 32 8 40
20° 1 (solvated) 2k 1 34 24 58
21 1 (unsolvated) 2l 1 38 9 47
22 1 (solvated) 2l 1 50 11 61
23 1 (unsolvated) 2m 1 42 2 44
24 1 (solvated) 2m 1 50 10 60
25" 1 (unsolvated) 2n 1 41 3 44
26° 1 (solvated) 2n 1 40 10 50

Reactions were conducted on a 2.0 mmol scale &r-Dh at room temperature using mortar and
pestle. Isolated yields of products after columrontatography are reportethldol-Tishchenko
reaction was detectedideinfra). ®The major reaction pathway is the Cannizzaro reacti

From Table 1, entries 1 and 4, we note that reaaiounsolvated lithium enolate

with aldehydes with a chloro or bromo substituenth& para position yield aldol
condensation product8 and aldol addition productd in moderate yields. The
methoxy group at the ortho position of the benzémg resulted in a combination of
aldol condensation product and aldol addition pobdo 39% vyield (Table 2, entry
13). With two methoxy groups at tmeeta and para position of the benzene ring, a
similar total yield of 44% was observed (entry 25Regardless of the electronic
character, a substituent @eta position of the benzene ring had little impacttba

total yield of the reaction. However, a longerctean time always yielded more
aldol condensation than aldol addition product. e para benzyloxy group on the
benzaldehyde produced a higher yield thannt& benzyloxy group (entries 15 and

17). Products with go-phenyl- and p-dimethylamino- substituted rings were



obtained in similar yields (entries 19 and 21). r&tiver, 9-anthraldehyde was also
compatible with the reaction conditions and leadhtmderate yield (entry 23). Quite
surprisingly, the strongly electron-withdrawingroitgroup resulted in a low reaction
yield regardless of its position on the ring (esgri3, 5, 7, 9 and 11). With this
strongly electron withdrawing substituent, we oledr that Cannizzaro reaction

product predominated relative to the aldol reacfiooducts shown in Table 3.

Table 3. Cannizzaro reaction between the lithium piacolone enolate (1) and

some aldehydes (2) in the solid state using mortand pestle

(e} [0}
OLi
N " Solid State X oH A OH
+ R—: _— R—: + R_:
/ rt / /
1 2(c-€) 5(c-e) 6(c-e)
Entry Enolate Aldehyde Time (h) Yield 5 (%) Yield 6 (%)
1 1 (unsolvated) 2c 0.5 55 51
2 1 (solvated) 2c 0.5 18 15
3 1 (unsolvated) 2d 0.5 66 61
4 1 (solvated) 2d 0.5 58 54
5 1 (unsolvated) 2e 0.5 73 69
6 1 (solvated) 2e 0.5 70 67

Reactions were conducted on a 2.0 mmol scale fit 8t room temperature using mortar and
pestle. The ratio of alcohol and carboxylic acidwdd be identical. The yields reported above
are calculated by assuming that the starting alfiehiieoretically yields half an equivalent of
each product and are reported after column chragrepdy.

We suspected that atmospheric moisture was a fdetweasing the yields of addition

10



and condensation products. The presence of evea dquantities of water can lead to
observation of Cannizzaro reaction products by rfte a source of hydroxide
generated from the reaction of lithium enolate esy since no special precautions
were taken to conduct these reactions in an inerogphere. It is also noteworthy
that an aldol-Tishchenko reactiomas also detected for some substrates (Table 4). |
this process, the lithiated aldolate adduct reagte one additional equivalent of

aldehyde to effect Tishchenko reaction ultimatelyrfing product§ and8.®

Table 4. Aldol-Tishchenko reaction between the litum pinacolone enolate (1)

and some aldehydes (2) in the solid state using ntar and pestle

N N
R T
> P
o OH e} o) [e] (0] OH
OLi
AN " Solid State AN X
Sy e © o
G mt F /

1 2(a,b,i,k,n) 7(a,b,i,k,n) 8(a,b,i,k,n)
Entry Enolate Aldehyde  Time (h) Yield 7 (%) Yield8 (%) Total Yield (%)

1 1 (unsolvated) 2a 0.5 3 10 13

2 1 (solvated) 2a 0.5 3 8 11

3 1 (unsolvated) 2b 0.5 5 23 28

7 (a) Nishiura, M.; Kameoka, M.; Imamoto, T., Michael and tandem Aldol-Tischenko reactions

catalyzed by samarium(Ill) aryloxide complexes. Kidorui 2000, 36, 294-295. (b) Bodnar, P. M.; Shaw, J.
T.; Woerpel, K. A., Tandem Aldol-Tishchenko Reactions of Lithium Enolates: A Highly Stereoselective
Method for Diol and Triol Synthesis. J. Org. Chem. 1997, 62, 5674-5675.

8 Evans, D. A.; Hoveyda, A. H., Samarium-catalyzed intramolecular Tishchenko reduction of b-hydroxy

ketones. A stereoselective approach to the synthesis of differentiated anti 1,3-diol monoesters. J. Am.
Chem. Soc. 1990, 112, 6447-6449.
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4 1 (solvated) 2b 0.5 5 20 25

5 1 (unsolvated) 2i 1 - 15 15
6 1 (solvated) 2i 1 - 10 10
7 1 (unsolvated) 2k 1 4 21 25
8 1 (solvated) 2k 1 6 14 20
9 1 (unsolvated) 2n 1 - 12 12
10 1 (solvated) 2n 1 - 10 10

Reactions were conducted on a 2.0 mmol scale foh{.h at room temperature using mortar and
pestle. Isolated yields of products after columroofatography are reported.

Our next comparison focuses on the solvated lithpimacolone enolate also shown
in Table 2. Based upon analogy with solution presdate reactions in THF solution,
we anticipated that smaller aggregates may reasterfahan larger aggregates.
Hence solvated enolate (solvated)appears to react more rapidly and proceed with
improved yields with the same high conversion. Algibes with a chloro- or bromo-
group at thepara position of the benzene ring lead to improved dge(Table 2,
entries 1 and 2). Thertho methoxy- andmeta, para dimethoxy- substitued rings
were similarly observed to produce higher totalldse(entries 13, 14, 25 and 26).
Importantly, for those aldehydes with low reactvithe use of highly-reactive
solvated enolatd (solvated)improves the total yields by about 10-20% (entries
17-24). To our surprise, for the aldehyde with taongroup onortho position, a large
improvement in yield (35%) was obtained (entriear2l 4). However, for other

benzaldehydes with a nitro substituent, THF-solbaeolate has little impact on the

o Kolonko, K. J.; Wherritt, D. J.; Reich, H. J., Mechanistic studies of the lithium enolate of

4-fluoroacetophenone: Rapid-injection NMR study of enolate formation, dynamics, and aldol
reactivity. J. Am. Chem. Soc. 2011, 133, 16774-16777.

12



total yield of aldol and condensation products beeathe Cannizzaro reaction
dominates the product mixture - see Table 2 en&iasd 8 and Table 3 entries 4 and
6. The low yields for most aldehydes with a nigmup prompted us to seek

optimize reaction conditions for reactants wittosty electron drawing substituents.

We now turned our attention to the reaction prototself. Ball milling is a
mechanochemical technique, which can be applieoh adternative method of manual
grinding in a mortar and pestle. The most triviall milling procedure we utilized
involves milling of the solid reactants with ingftass balls in a rotating vial secured
to the rotating shaft of a rotatory evaporator @lgh there are many more
sophisticated variations availabt®. Previous studies have shown that enolate
chemistry using a mortar and pestle in open atmmeplgives lower yields of
products than utilizing sealed ball milling condiis presumably because of the
presence of atmospheric moisttiteSince our ball mill analog reactions in a vialan
rotary evaporator are not open, contact with atiesp moisture is limited and the
level of the water is constant at the ppm levethéligh no special precaution was
taken to rigorously exclude moisture and the eeslatere generatad situ in all of
the previous studies, the conjugate acid of the hadized to generate the enolate
was always present in these reactions reportedqusy. This feature distinguishes
our results reported from all previously reportedchanochemical aldol reactions

since we initiate all of our reactions utilizingrpyrecipitated or crystallized enolates.

Hence to assess the effect of conducting reactiotise open atmosphere relative to

10 (a) Rodriguez, B.; Bruckmann, A.; Rantanen, T, Bolm, C., Solvent-free carbon-carbon bond

formations in ball mills. Advanced Synthesis & Catalysis 2007, 349, 2213-2233. (b) Rodriguez, B.;
Bruckmann, A.; Bolm, C., A highly efficient asymmetric organocatalytic aldol reaction in a ball mill.
Chemistry - A European Journal 2007, 13, 4710-4722. (c) Rodriguez, B.; Rantanen, T.; Bolm, C,
Solvent-free asymmetric organocatalysis in a ball mill. Angew. Chem., Int.| Ed. 2006, 45, 6924-6926.

1 (a) Toda, F.; Kiyoshige, K.; Yagi, M., Solid-state reduction of ketones with sodium borohydride.

Angewandte Chemie 1989, 101, 329-330. (b) Waddell, D. C.; Clark, T. D.; Mack, J., Conducting moisture

sensitive reactions under mechanochemical conditions. Tetrahedron Letters 2012, 53, 4510-4513.

13



conducting the reactions in a controlled atmospheeerepeated all the reactions with
unsolvated lithium enolaté (unsolvated) and aldehyd@sn a pre-dried sealed vial
using the crude ball milling like conditions debed above (Table 5). To our
gratification, we observed an increased yield dbhhdducts with higher selectivity
for the aldol addition product relative to aldoihdensation product for all substrates.
Thus, aldehydes with chloro group at thea position of the benzene ring provided
the desired aldol addition product in 74% with highlectivity versus the aldol
condensation product (91:9) (entry 1). A similesult was obtained with the use of
para bromo substrate (entry 2). The highest yield s@l@ctivity are seen utilizing
the aldehyde with benzyloxy group at thata position (84%, 95:5) (entry 9).
Importantly, for those aldehydes with lower reaityivthe selectivity becomes slightly
lower, compared with those aldehydes with high tresig (entries 11-14).
Regardless of the position of the nitro group oa blenzene ring, nitro- substituted
aldehydes resulted in good yields for aldol additmroduct with high selectivity
(entries 3-7). This observation confirmed that tbe yields of products from
aldehydes with a nitro substituent could be draradyi improved when moisture is
minimized. Thus, under ball milling conditions,eevwithout taking precautions to
remove moisture, the unsolvated, hexameric lithpinacolone enolate preferentially
reacts with substituted benzaldehydes to vyield lafgloducts. The most likely
explanation for this is that quenching of the et®lay the moisture in the atmosphere
is minimized. This also explains why there is ardase in the relative portion of
Cannizzaro reaction product since less hydroxigeesent to catalyze the Cannizzaro

reaction.

Table 5. Scope of aldol reaction of unsolvated lhitum pinacolone enolate 1 to

aldehydes 2 in a sealed vial under ball milling caditions

[o} o OH [o}
OLi
= H Solid State F AN Z
+ R— | - = R— | + R— ’
x rt AN AN

1(unsolvated) 2(a-n) 3(a-n) 4(a-n)

14



Entry Aldehyde Time (h) Yield 3 (%) Yield 4 (%) Selectivity4:3

1 2a 4 7 74 91:9
2 2b 4 5 73 94:6
3 2c 6 4 78 95:5
4 2d 8 9 69 88:12
5 2e 6 4 74 95:5
6 2f 12 3 46 94:6
7 29 12 5 52 91:9
8 2h 4 12 70 85:15
9 2i 12 4 84 95:5
10 29 12 6 57 90:10
11 2k 12 19 53 74:26
12 2l 12 15 74 83:17
13 2m 12 22 69 76:24
14 2n 12 8 61 88:12

Reactions were conducted on a 2.0 mmol scale fakr2dhat room temperature in a sealed vial
under ball milling conditions. Isolated yields ofopucts after column chromatography are
reported.

For comparison, we contrast the corresponding atdakttions in solution with

15



solid-state reactions. As seen in the Table 6, dld®l reaction in solution can
generate solely aldol condensation product in @mtegield with high conversions at
the room temperature utilizing a pinacolone enoiat@HF solution. This solution
phase reaction has been studied in detail by otfierélthough solution phase
reactions are typically conducted at *1® for our comparative studies we conducted
both the solution phase and solid-state reactibmeam temperature. Furthermore,
our solution phase reactions are complicated by uheertainty of both the
aggregation state and the solvation state of rgactinolate in THF at room
temperaturé? In the solution phase reactions, aldol reactiondpct was not

observed and only aldol condensation product wasdo

For most aromatic aldehydes in this study, thel tgtdd of all products under ball
milling conditions described above is comparablthhe yields in solution although
the selectivity of products differs. In many casgslds under ball milling conditions
are higher than yields in solution. The single mesgnificant and important
advantage of the mechanochemical reaction conditi®nhat these reactions can be
carried at room temperature on a preparative sgdleincreased selectivity relative
to the ubiquitous solution phase reactions at’ -Z8 These results indicated the
powerful ability and the utility of solid-state, wlenochemical aldol reaction

conditions.

© (a) Reich, H. J., Role of organolithium aggregates and mixed aggregates in organolithium
mechanisms. Chemical Reviews (Washington, DC, United States) 2013, 113, 7130-7178. (b)
Rothenberg, G.; Downie, A. P.; Raston, C. L.; Scott, J. L. Understanding solid/solid organic reactions. J.
Am. Chem. Soc. 2001, 123, (36), 8701-8708.

B3 (a) Liou, L. R.; McNeil, A. J.; Ramirez, A.; Toombes, G. E. S.; Gruver, J. M.; Collum, D. B., Lithium
enolates of simple ketones: Structure determination using the method of continuous variation. J. Am.
Chem. Soc. 2008, 130, 4859-4868. (b) Gruver, J. M.; Liou, L. R.; McNeil, A. J.; Ramirez, A.; Collum, D. B.,
Solution structures of lithium enolates, phenolates, carboxylates, and alkoxides in the presence of
N,N,N',N'-tetramethylethylenediamine: A prevalence of cyclic dimers. J. Org. Chem. 2008, 73,
7743-7747.
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Table 6. Scope of aldol reaction of the lithium miacolone enolate 1 (unsolvated)

to aldehydes (2) in THF solution

o (o]
OLi
F " THF 7 X
+ R— | - R—- l
AN rt x
1(unsolvated) 2(a-n) 3(a-n)
Entry Aldehyde Time (h) Conversior2 (%) Yield 3 (%)
1 2a 2 >99 61
2 2b 2 >99 55
3 2c 2 >99 81
4 2d 2 >99 55
5 2e 2 >99 66
6 2f 2 97 22
7 29 2 98 40
8 2h 3 >99 63
9 2i 5 >99 62
10 2j 5 >99 70
11 2k 2 97 83
12 2l 2 97 58

13 2m 3 98 59
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14 2n 2 98 50

Reactions were conducted on a 2.0 mmol scale fésh2at room temperature in THF solution.
Isolated yields of products after column chromaapyy are reported.

CONCLUSIONS

We disclose systematic studies of aldol reactioditbérently solvated lithium enolate
of pinacolone with a variety of aromatic aldehydes#ng different reaction methods
and conditions. In THF solution, aldol reaction wisolvated lithium pinacolone
enolate afforded aldol condensation product in eedeyield along with Michael
adduct. However, the same aldol reaction condueiditbut solvent with a mortar
and pestle resulted in a combination of aldol aoldiproduct and aldol condensation
product. Low yields are seen when utilizing alddds/ with powerful electron
withdrawing groups such as a nitro group. The preseof moisture in the
mechanochemical reactions resulted in observatibnnoreased selectivity for
Cannizzaro reaction product. To obtain optimal dselin the mechanochemical
reactions, a THF-solvated pinacolone enolate ifeed leading to improved yield
for all substrates other than aldehydes with thengly electron withdrawing nitro
substituent. Furthermore, by using a sealed videuball milling conditions without
any precautions to remove water, the aldol reastiare all remarkably clean and
yield mostly aldol addition product. This is noetimajor product observed in solution
phase reactions or by using a mortar and pestlatif@ngly, under the simple ball
milling conditions utilizing a sealed vial, glassduls and a rotary evaporator protocol,
the aldehydes containing a nitro group resulteda ihigh yield of aldol addition
product as well. Hence the observation of gooddgiekith high selectivity for all
substrates under relatively unsophisticated ballingi conditions demonstrates the
strong potential for carrying out solid-state etla@actions such as the aldol reaction.
Additionally, it is not necessary to rigorously rewe the moisture when utilizing
moisture-sensitive, crystalline enolates as reétamrmechanochemical reactions. We
anticipate that these reaction conditions are easialable. Results reported in this

article provide useful initial guidelines for corading enolate reactions in addition to
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the aldol related family of reactions under sotate conditions.

EXPERIMENTAL SECTION

General Methods. Solid state reactions were carried out in eithenatar and
pestle or a sealed vial without any special precastto remove the oxygen and
moisture. Reactions in a sealed vial were conduasety the motor unit of the rotary
evaporator in horizontal position with a 20 mL glagal sealed with rubber septum.
This instrument rotated at a speed of approxim&8ly rpom. The grinding media is
20 balls (5 mm diameter) made of glass. Grindinglesy are repeated during the
reaction time. Solution-based reactions were edrmout in glassware without
nitrogen-protection.  Liquid and solutions werensterred via syring¢H NMR and
3C NMR spectra were recorded at 600 MHz and 150 Migpectively. Chemical
shifts are recorded in parts per million (ppindownfield using the residual solvent
signal of CDC} (7.26 ppm for'H NMR, 77.16 ppm fot*C NMR) or DMSO (2.50
ppm for'H NMR, 39.51 ppm fot’C NMR). Reactions in solution were monitored by
thin-layer chromatography on silica gel 60 using light (254 nm) as a visualizing
agent and hexane/ethyl acetate as developing agButification of products was
accomplished by flash chromatography (silica gel #rticle size 0.04-0.063 mm).
Yields were determined after column chromatography.

All reagents were purchased from commercial suppliePentane, diisopropylamine
(DIPA) were dried by stirring with calcium hydrid€aH,) under an Ar atmosphere
overnight and then distilled.p-Chlorobenzadehyde andbromobenzaldehyde were
purified by crystallizing from EtOH/KD(3:1). o-Nitrobenzaldehyde was distilled
under reduced pressure before use:-Nitrobenzaldehyde ang-nitrobenzaldehyde
were purified by crystallizing from water. Otheurphased aldehydes were dried
before use. All aldehydes are in solid phaselereaction.

Solid phase enolates (unsolvated) andl. (solvated)were prepared according to
described procedur8és.

General Procedures for Aldol Reaction of Lithium Pnacolone Enolates 1
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(unsolvated) or 1 (solvated) to Aldehydes (2) Using/lortar and Pestle. A
mixture of exces& (unsolvatedpr 1 (solvated)2.4 mmol, 1.2 equiv) and aldehydes
2 (2.0 mmol, 1.0 equiv) was ground with an agatetaraand pestle by hand. After
grinding at room temperature for 0.5h (or otheretispans as specified) in open air,
the reaction mixture was quenched by adding 5.0amkaturated NECI aqueous
solution, followed by 15 mL of methylene chlorideThe organic layer was separated
in a separatory funnel and saved. The aqueous lage further extracted with
methylene chloride (2x10 mL). The combined orgaeitract was dried over
anhydrous Nz&50Oy.  Upon removal of the solvent at room temperatunaer reduced
pressure, the crude mixture of products was obdairsad purified by column

chromatography (hexane/ethyl acetate).

General Procedures for Aldol Reaction of UnsolvatedLithium Pinacolone
Enolate 1 (unsolvated) to Aldehydes (2) under BalMilling Conditions. A
standard vial of approximately 20 mL volume wasrgbd with enolatd (unsolvated)
(2.4 mmol, 1.2 equiv), aldehydeéxs (2.0 mmol, 1.0 equiv) and 20 glass balls of
approximately 0.5 mm diameter. Grinding was sthusing the ball mill with a
rotation speed of 200 rpm. An identical work-up qgadure was utilized as for the

reactions described above.

General Procedures for Aldol Reaction of UnsolvatedLithium Pinacolone
Enolate 1 (unsolvated) to Aldehydes (2) in THF Sotion. A solution of enolatd
(unsolvated) was prepared by dissolving (2.4 mrhd, equiv)1 (unsolvated) to 10
mL of THF at room temperature. Aldehyd2g2.0 mmol, 1.0 equiv) were added
into this 10 mL of THF solution all at once. Theacdons were stirred at room
temperature and monitored by TLC. After completminthe reaction (2-5h), the
mixture was quenched by adding 5.0 mL of saturBlidgCl aqueous solution and the

identical work-up procedure followed.

(E)-1-(4-chlorophenyl)-4,4-dimethylpent-1-en-3-one €: *H NMR (600 MHz,
CDCl) 6 (ppm) 7.62 (dJ = 15.6 Hz, 1H), 7.50 (dl = 8.6 Hz, 2H), 7.36 (d] = 8.4
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Hz, 2H), 7.09 (d,) = 15.6 Hz, 1H), 1.23 (s, 9HYC NMR (150 MHz, CDGCJ) & (ppm)
204.16, 141.62, 136.18, 133.58, 129.59, 129.27,30243.43, 26.42. HRMS (ESI+)
m/z calcd for GsH1sOCI + H 223.0884, found 223.0880.

(E)-1-(4-bromophenyl)-4,4-dimethylpent-1-en-3-one (3b*H NMR (600 MHz,
CDCl) & (ppm) 7.60 (dJ = 15.6 Hz, 1H), 7.52 (dl = 8.5 Hz, 2H), 7.43 (d] = 8.4
Hz, 2H), 7.10 (d,J = 15.6 Hz, 1H), 1.23 (s, 9HYC NMR (150 MHz, CDGCJ) & (ppm)
204.15, 141.68, 134.03, 132.24, 129.81, 124.5241213.44, 26.42. HRMS (ESI+)
m/z calcd for GaH1s0OBr + H 267.0379, found 267.0380.

(E)-4,4-dimethyl-1-(2-nitrophenyl)pent-1-en-3-one (3c *H NMR (600 MHz,
CDCl;) & (ppm) 8.06 (dJ = 15.5 Hz, 1H), 8.03 (dl = 8.2 Hz, 1H), 7.69 — 7.61 (m,
2H), 7.58 — 7.49 (m, 1H), 7.00 @z 15.5 Hz, 1H), 1.24 (s, 9HYC NMR (150 MHz,
CDCly) & (ppm) 203.31, 148.78, 138.19, 133.47, 131.39,230.29.26, 125.63,
124.95, 43.44, 26.20. HRMS (ESI+) m/z calcd fesHGs0sN + H™ 234.1124, found
234.1117.

(E)-4,4-dimethyl-1-(3-nitrophenyl)pent-1-en-3-one (34 *H NMR (600 MHz,

CDCl) & (ppm) 8.43 (s, 1H), 8.23 (d,= 7.9 Hz, 1H), 7.84 (d] = 7.6 Hz, 1H), 7.69
(d,J=15.6 Hz, 1H), 7.58 (1 = 7.9 Hz, 1H), 7.23 (d] = 15.6 Hz, 1H), 1.25 (s, 9H).

13C NMR (150 MHz, CDG)) 6 (ppm)203.75, 148.78, 140.14, 136.83, 134.46, 130.06,
124.52, 123.54, 122.25, 43.54, 26.26. HRMS (ESIfz) calcd for GaH1s0sN + H
234.1124, found 234.1117.

(E)-4,4-dimethyl-1-(4-nitrophenyl)pent-1-en-3-one (e *H NMR (600 MHz,
CDCls) & (ppm) 8.25 (d,) = 8.6 Hz, 2H), 7.71 (d] = 8.7 Hz, 2H), 7.68 (d] = 15.7
Hz, 1H), 7.22 (d) = 15.6 Hz, 1H), 1.25 (s, 9HYC NMR (150 MHz, CDGCJ)  (ppm)
203.70, 148.51, 141.28, 140.06, 128.94, 124.63,2624:3.57, 26.241RMS (ESI+)
m/z calcd for GH1s0sN + H 234.1124, found 234.1121.

(E)-4,4-dimethyl-1-(5-nitrofuran-2-yl)pent-1-en-3-one(3f): *H NMR (600 MHz,
CDCl) & (ppm) 7.21 (dJ) = 15.5 Hz, 1H), 7.17 (dl = 3.6 Hz, 1H), 7.10 (d] = 15.1
Hz, 1H), 6.59 (dJ = 3.6 Hz, 1H), 1.05 (s, 9H)*C NMR (150 MHz, CDGJ) & (ppm)
203.37, 153.31, 152.20, 126.99, 124.51, 116.22,3P133.60, 26.1HRMS (ESI+)
m/z calcd for G;H1304N + H 224.0917, found 224.0918.

(E)-4,4-dimethyl-1-(5-nitrothiophen-2-yl)pent-1-en-3ene (3g):*H NMR (600
MHz, CDCk) & (ppm) 7.85 (dJ = 4.2 Hz, 1H), 7.64 (d] = 15.4 Hz, 1H), 7.20 (dl =
4.2 Hz, 1H), 7.05 (dJ = 15.4 Hz, 1H), 1.22 (s, 9H)*C NMR (150 MHz, CDGCJ) §
(ppm)203.12, 151.86, 146.57, 133.59, 129.46, 129.20,18243.51, 26.17. HRMS
(ESI+) m/z calcd for §H130sNS + H 240.0689, found 240.0697.

(E)-1-(2-methoxyphenyl)-4,4-dimethylpent-1-en-3-onedf): *H NMR (600 MHz,
CDCls) & (ppm) 8.00 (d,) = 15.8 Hz, 1H), 7.55 (d} = 7.5 Hz, 1H), 7.34 (t] = 7.8 Hz,
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1H), 7.21 (dJ = 15.8 Hz, 1H), 6.96 (] = 7.5 Hz, 1H), 6.91 (d] = 8.3 Hz, 1H), 3.88
(s, 3H), 1.22 (s, 9H)*C NMR (150 MHz, CDGJ) 5 (ppm) 204.79, 158.78, 138.36,
131.45, 129.04, 124.12, 121.61, 120.73, 111.2B06%:3.29, 26.52. HRMS (ESI+)
m/z calcd for GsH1g0, + H 219.1379, found 219.1378.

(E)-1-(3-(benzyloxy)phenyl)-4,4-dimethylpent-1-en-3+e (3i): *H NMR (600 MHz,
CDCl) & (ppm) 7.64 (dJ = 15.5 Hz, 1H), 7.45 (d} = 7.0 Hz, 2H), 7.40 () = 7.1 Hz,
2H), 7.37 = 7.28 (m, 2H), 7.21-7.15 (m, 2H), 7.69)(= 15.5 Hz, 1H), 7.01 (d =

7.7 Hz, 1H), 5.10 (s, 2H), 1.23 (s, 9H)C NMR (150 MHz, CDG)) § (ppm) 204.32,
159.20, 142.83, 136.81, 136.53, 130.02, 128.80,262827.67, 121.38, 121.22,
116.70, 114.61, 70.29, 43.40, 26.43. HRMS (ESI+) calcd for GgH2,0, + H'
295.1693, found 295.1705.

(E)-1-(4-(benzyloxy)phenyl)-4,4-dimethylpent-1-en-3+e (3j): *H NMR (600 MHz,
CDCl) & (ppm) 7.65 (dJ = 15.5 Hz, 1H), 7.53 (dl = 8.7 Hz, 2H), 7.43 (d] = 7.2
Hz, 2H), 7.40 () = 7.5 Hz, 2H), 7.34 (] = 7.2 Hz, 1H), 7.01 (d] = 15.6 Hz, 1H),
6.98 (d,J = 8.7 Hz, 2H), 5.10 (s, 2H), 1.22 (s, 9tC NMR (150 MHz, CDGJ) &
(ppm) 204.38, 160.67, 142.71, 136.65, 130.12, 128.88.29, 128.09, 127.60,
118.77, 115.36, 70.25, 43.29, 26.58. HRMS (ESI+) calcd for GgH,,0, + H'
295.1693, found 295.1691.

(E)-1-([1,1"-biphenyl]-4-yl)-4,4-dimethylpent-1-en-3ene (3k):*H NMR (600 MHz,
CDCl) & (ppm) 7.73 (dJ = 15.6 Hz, 1H), 7.68 — 7.60 (m, 6H), 7.46)(& 7.6 Hz,
2H), 7.38 (tJ = 7.3 Hz, 1H), 7.17 (d] = 15.6 Hz, 1H), 1.25 (s, 9H)Y’C NMR (150
MHz, CDCk) & (ppm) 204.37, 143.11, 142.58, 140.35, 134.05,0429.28.93,
127.96, 127.65, 127.18, 120.73, 43.42, 26.50. HRES&I+) m/z calcd for @H,00 +
H* 265.1587, found 265.1571.

(E)-1-(4-(dimethylamino)phenyl)-4,4-dimethylpent-1-er3-one (31):*H NMR (600
MHz, CDCk) & (ppm) 7.65 (dJ = 15.4 Hz, 1H), 7.48 (d, = 8.7 Hz, 2H), 6.93 (d] =
15.4 Hz, 1H), 6.67 (d] = 8.7 Hz, 2H), 3.02 (s, 6H), 1.22 (s, 9fC NMR (150 MHz,
CDCls) & (ppm)204.57, 151.91, 143.72, 130.19, 122.88, 115.85,95143.15, 40.30,
26.79. HRMS (ESI+) m/z calcd fori€H4,:NO + H' 232.1696, found 232.1704.

(E)-1-(anthracen-9-yl)-4,4-dimethylpent-1-en-3-one 8): *H NMR (600 MHz,
CDCl3) 8 (ppm) 8.64 (dJ = 15.9 Hz, 1H), 8.45 (s, 1H), 8.22 = 8.2 Hz, 2H), 8.02
(d,J =9.0 Hz, 2H), 7.55 — 7.43 (m, 4H), 7.11 Jd& 15.9 Hz, 1H), 1.30 (s, 9HYC
NMR (150 MHz, CDCY)) & (ppm) 203.90, 140.01, 131.43, 130.61, 130.35,71129.
129.01, 128.17, 126.38, 125.50, 125.43, 43.45RGHRMS (ESI+) m/z calcd for
C21H200 + H' 289.1587, found 289.1588.

(E)-1-(3,4-dimethoxyphenyl)-4,4-dimethylpent-1-en-34e (3n):*H NMR (600

MHz, CDCk) & (ppm) 7.63 (dJ = 15.5 Hz, 1H), 7.17 (dd,= 8.3, 1.5 Hz, 1H), 7.07
(d,J = 1.4 Hz, 1H), 6.99 (d] = 15.5 Hz, 1H), 6.87 (d| = 8.3 Hz, 1H), 3.94 (s, 3H),
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3.92 (s, 3H), 1.23 (s, 9H)*C NMR (150 MHz, CDG)) § (ppm) 204.31, 151.24,
149.30, 143.11, 128.06, 122.83, 118.75, 111.23,3P166.13, 56.12, 43.31, 26.60.
HRMS (ESI+) m/z calcd for GH»Os + H 249.1485, found 249.1482.

1-(4-chlorophenyl)-1-hydroxy-4,4-dimethylpentan-3-ae (4a):'H NMR (600 MHz,
CDCls) & (ppm) 7.35-7.27 (m] = 8.6 Hz, 4H), 5.10 (df] = 7.9, 3.2 Hz, 1H), 3.64 (d,
J=2.8 Hz, 1H), 2.89 — 2.76 (m, 2H), 1.13 (s, 98¢ NMR (150 MHz, CDGCJ) §
(ppm) 216.92, 141.65, 133.37, 128.76, 127.20, 6AB2A5, 44.55, 26.28. HRMS
(ESI+) m/z calcd for GH170.Cl + Na 263.0809, found 263.0810.

1-(4-bromophenyl)-1-hydroxy-4,4-dimethylpentan-3-oe (4b):*H NMR (600
MHz, CDCk) § (ppm) 7.47 (dJ = 8.3 Hz, 2H), 7.25 (d] = 8.3 Hz, 2H), 5.09 (df] =
8.1, 3.2 Hz, 1H), 3.63 (d,= 2.9 Hz, 1H), 2.89 — 2.79 (m, 2H), 1.13 (s, 95X NMR
(150 MHz, CDCH4) & (ppm) 216.88, 142.19, 131.72, 127.55, 121.47,6596.42,
44.55, 26.29. HRMS (ESI+) m/z calcd forsH;70,Br + Na 307.0304, found
307.0308.

1-hydroxy-4,4-dimethyl-1-(2-nitrophenyl)pentan-3-ore (4c):*H NMR (600 MHz,
CDCl) & (ppm) 7.96 (dJ = 8.2 Hz, 1H), 7.92 (d] = 7.9 Hz, 1H), 7.67 (1) = 7.6 Hz,
1H), 7.43 (tJ = 7.7 Hz, 1H), 5.59 (d] = 9.2 Hz, 1H), 4.13 (s, 1H), 3.25 @@= 17.8

Hz, 1H), 2.66 (ddJ = 17.8, 9.3 Hz, 1H), 1.16 (s, 9HJC NMR (150 MHz, CDGJ) &
(ppm)217.22, 147.27, 138.82, 133.91, 128.39, 128.32512466.27, 44.71, 44.67,
26.21. HRMS (ESI+) m/z calcd fori€H:7,04N + H" 252.1230, found 252.1228.

1-hydroxy-4,4-dimethyl-1-(3-nitrophenyl)pentan-3-ore (4d):*H NMR (600 MHz,
CDCl) & (ppm) 8.22 (s, 1H), 8.10 (d,= 8.1 Hz, 1H), 7.70 (d] = 7.6 Hz, 1H), 7.51

(t, J=7.9 Hz, 1H), 5.25 — 5.16 (m, 1H), 3.85Jds 2.3 Hz, 1H), 2.94 — 2.82 (m, 2H),
1.13 (s, 9H)*C NMR (150 MHz, CDGJ) & (ppm) 216.48, 148.44, 145.35, 131.99,
129.54, 122.57, 120.84, 69.23, 45.22, 44.54, 26BRMS (ESI+) m/z calcd for
C13H1704N + Na 274.1050, found 274.1054.

1-hydroxy-4,4-dimethyl-1-(4-nitrophenyl)pentan-3-ore (4e):'H NMR (600 MHz,
CDCl) 6 (ppm) 8.22 (dJ = 8.6 Hz, 2H), 7.55 (d] = 8.5 Hz, 2H), 5.23 (dt] = 8.8,
2.9 Hz 1H), 3.76 (d) = 3.2 Hz, 1H), 2.94-2.80 (m, 2H), 1.15 (s, 9HC NMR (150
MHz, CDCk) 8 (ppm)216.54, 150.44, 147.47, 126.60, 123.91, 69.47 443.2.63,
26.30. HRMS (ESI+) m/z calcd fori6H:,04N + Na' 274.1050, found 274.1053.

1-hydroxy-4,4-dimethyl-1-(5-nitrofuran-2-yl)pentan-3-one (4f):*H NMR (600

MHz, CDCk) & (ppm) 7.29 (dJ = 3.6 Hz, 1H), 6.58 (d] = 3.5 Hz, 1H), 5.21-5.14 (m,
1H), 3.82 (dJ = 5.5 Hz, 1H), 3.16 — 3.03 (m, 2H), 1.17 (s, 98¥& NMR (150 MHz,
CDCl) 6 (ppm) 216.25, 159.31, 151.72, 112.78, 109.81,%414.70, 41.26, 26.26.
HRMS (ESI+) m/z calcd for GH1s0sN + NH,;" 259.1288, found 259.1293.
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1-hydroxy-4,4-dimethyl-1-(5-nitrothiophen-2-yl)pentan-3-one (4g):*H NMR (600
MHz, CDCk) & (ppm) 7.81 (dJ = 4.1 Hz, 1H), 6.88 (d] = 4.1 Hz, 1H), 5.37-5.31 (m,
1H), 3.91 (dJ = 4.1 Hz, 1H), 3.05-2.95 (m, 2H), 1.17 (s, 9HC NMR (150 MHz,
CDCl) 6 (ppm) 215.95, 156.10, 128.64, 122.20, 110.13,8%618.84, 44.64, 26.31.
HRMS (ESI+) m/z calcd for GH1s04NS + H 258.0795, found 258.0794.

1-hydroxy-1-(2-methoxyphenyl)-4,4-dimethylpentan-3ne (4h):*H NMR (600
MHz, CDCk) & (ppm) 7.49 (dJ = 7.4 Hz, 1H), 7.25 (1) = 7.5 Hz, 1H), 6.99 (4] =

7.5 Hz, 1H), 6.87 (d] = 8.2 Hz, 1H), 5.38 (d] = 9.0 Hz, 1H), 3.84 (s, 3H), 3.79 (I,

= 3.7 Hz, 1H), 3.03 (dd] = 17.4, 2.6 Hz, 1H), 2.76 (dd= 17.4, 9.0 Hz, 1H), 1.12 (s,
9H). *3*C NMR (150 MHz, CDGJ) & (ppm)217.55, 155.72, 131.32, 128.29, 126.47,
120.90, 110.20, 65.71, 55.32, 44.50, 43.60, 26dRMMS (ESI+) m/z calcd for
C14H2003 + Na 259.1305, found 259.1309.

1-(3-(benzyloxy)phenyl)-1-hydroxy-4,4-dimethylpenta-3-one (4i):*H NMR (600
MHz, CDCk) & (ppm) 7.44 (dJ = 7.1 Hz, 2H), 7.39 (1] = 7.2 Hz, 2H), 7.33 (] =

7.1 Hz, 1H), 7.30-7.22 (m, 1H), 7.03 (s, 1H), 6(85] = 7.4 Hz, 1H), 6.89 (dd] =

7.9, 1.6 Hz, 1H), 5.15-5.03 (m, 1H), 5.09 (s, 2Bi%6 (d,J = 2.8 Hz, 1H), 2.93 — 2.76
(m, 2H), 1.13 (s, 9H):3C NMR (150 MHz, CDGJ) & (ppm)217.05, 159.17, 144.92,
137.13, 129.72, 128.73, 128.11, 127.66, 118.36,081412.37, 70.15, 70.13, 45.60,
44,55, 26.31. HRMS (ESI+) m/z calcd fogoH,403 + Na 335.1618, found 335.1631.

1-(4-(benzyloxy)phenyl)-1-hydroxy-4,4-dimethylpenta-3-one (4j):*H NMR (600
MHz, CDCk) & (ppm) 7.43 (dJ = 7.4 Hz, 2H), 7.38 (] = 7.5 Hz, 2H), 7.32 (1] =
7.3 Hz, 1H), 7.29 (d] = 8.5 Hz, 2H), 6.96 (d] = 8.6 Hz, 2H), 5.10 — 5.07 (m, 1H),
5.07 (s, 2H), 3.51 (dl = 2.8 Hz, 1H), 2.86 (d] = 5.8 Hz, 2H), 1.13 (s, 9H)°C NMR
(150 MHz, CDCH4) & (ppm)217.12, 158.41, 137.12, 135.64, 128.72, 128.095827
127.10, 114.99, 70.18, 69.88, 45.55, 44.54, 26dRMS (ESI+) m/z calcd for
CooH2403 + Na 335.1618, found 335.1627.

1-([1,1'-biphenyl]-4-yl)-1-hydroxy-4,4-dimethylpenian-3-one (4k):'H NMR (600
MHz, CDCk) & (ppm) 7.64-7.52 (m, 4H), 7.50-7.39 (m, 4H), 7.89 € 7.2 Hz, 1H),
5.22-5.13 (m, 1H), 3.60 (d,= 2.8 Hz, 1H), 2.97 — 2.85 (m, 2H), 1.16 (s, 98¢
NMR (150 MHz, CDC}) & (ppm) 217.08, 142.20, 140.97, 140.72, 128.92,427.
127.41, 127.24, 126.26, 70.03, 45.57, 44.58, 261BMS (ESI+) m/z calcd for
C1oH220, + Na 305.1512, found 305.1520.

1-(4-(dimethylamino)phenyl)-1-hydroxy-4,4-dimethylgentan-3-one (41):*H NMR
(600 MHz, CDCH4) & (ppm) 7.27 (dJ) = 8.5 Hz, 2H), 6.75 (d] = 8.5 Hz, 2H), 5.07 (d,
J=8.7 Hz, 1H), 3.46 (d] = 2.2 Hz, 1H), 2.97 (s, 6H), 2.94 — 2.83 (m, 2H}6 (s,
9H). **C NMR (150 MHz, CDGJ) & (ppm) 217.05, 150.33, 131.08, 126.74, 112.65,
69.96, 45.50, 44.45, 40.76, 26.27. HRMS (ESI+) calzd for GsH,3NO, + H
250.1802, found 250.1800.
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1-(anthracen-9-yl)-1-hydroxy-4,4-dimethylpentan-3-ae (4m):*H NMR (600 MHz,
CDCI3) & (ppm) 8.66 (br, 2H), 8.43 (s, 1H), 8.02 {d&; 7.7 Hz, 2H), 7.55-7.43 (m,
4H), 6.79 (d,J = 9.2 Hz, 1H), 3.76 (dd} = 17.8, 10.4 Hz, 1H), 3.57 (s, 1H), 2.931d,
=18.1 Hz, 1H), 1.19 (s, 9HY’C NMR (150 MHz, CDGJ) & (ppm)216.93, 134.26,
133.11, 131.86, 129.52, 128.41, 127.38, 125.98982467.03, 44.67, 43.89, 26.37.
HRMS (ESI+) m/z calcd for £H,,0, + Na 329.1512, found 329.1533.

1-(3,4-dimethoxyphenyl)-1-hydroxy-4,4-dimethylpenta-3-one (4n):'H NMR

(600 MHz, CDC}) 8 (ppm) 6.94 (s, 1H), 6.86 (d,= 7.4 Hz, 1H), 6.83 (d] = 7.8 Hz,
1H), 5.07 (s, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 3B = 2.1 Hz, 1H), 2.86 (d] = 5.5
Hz, 2H), 1.13 (s, 9H)"*C NMR (150 MHz, CDGJ) 5 (ppm) 217.04, 149.21, 148.56,
135.91, 117.95, 111.17, 109.06, 70.08, 56.07, 56954, 44.52, 26.29. HRMS
(ESI+) m/z calcd for gH2,04 + Na 289.1410, found 289.1413.

2-nitrobenzyl alcohol (5¢):*H NMR (600 MHz, CDCY) & (ppm) 8.10 (d,) = 8.2 Hz,
1H), 7.74 (dJ = 7.6 Hz, 1H), 7.68 () = 7.5 Hz, 1H), 7.48 (i = 7.7 Hz, 1H), 4.97
(d,J = 6.5 Hz, 2H), 2.57 (t) = 6.6 Hz, 1H)!*C NMR (150 MHz, CDGJ) & (ppm)
147.83, 136.91, 134.28, 130.14, 128.66, 125.1 716 HRMS (ESI+) m/z calcd for
C/H;NO3 + H" 154.0499, found 154.0496.

3-nitrobenzyl alcohol (5d):*H NMR (600 MHz, CDCY) § (ppm) 8.20 (s, 1H), 8.10
(d,J=8.1Hz, 1H), 7.67 (dl = 7.6 Hz, 1H), 7.51 (] = 7.9 Hz, 1H), 4.79 (1= 5.0
Hz, 2H), 2.48 — 2.38 (m, 1H)*C NMR (150 MHz, CDG)) § (ppm) 148.47, 143.02,
132.76, 129.54, 122.55, 121.57, 64.01. HRMS (ESifg) calcd for GH;NOs + H'
154.0499, found 154.0494.

4-nitrobenzyl alcohol (5e):*H NMR (600 MHz, CDC}) & (ppm) 8.20 (dJ = 8.7 Hz,
2H), 7.53 (d,J = 8.7 Hz, 2H), 4.83 (s, 2H), 2.06 (s, 1FC NMR (150 MHz, CDGJ)
d (ppm) 148.29, 147.44, 127.13, 123.86, 64.14. HRESI+) m/z calcd for @H7NOs
+ H" 154.0499, found 154.0494.

2-nitrobenzoic acid (6¢):*H NMR (600 MHz, DMSO) (ppm) 13.87 (s, 1H), 7.98
(dd,J = 7.7, 1.1 Hz, 1H), 7.86 (dd,= 7.4, 1.5 Hz, 1H), 7.83 — 7.75 (m, 2K’C
NMR (150 MHz, DMSO) (ppm) 165.86, 148.37, 133.08, 132.39, 129.86,247.
123.68. HRMS (ESI+) m/z calcd forBsNO,4 + H 168.0291, found 168.0289.

3-nitrobenzoic acid (6d):*H NMR (600 MHz, DMSO)» (ppm) 13.77 (br, 1H), 8.60
(s, 1H), 8.45 (dJ = 7.8 Hz, 1H), 8.33 (d] = 7.6 Hz, 1H), 7.80 (] = 7.9 Hz, 1H)*C
NMR (150 MHz, DMSOY (ppm) 165.50, 147.86, 135.32, 132.59, 130.47,227.
123.64. HRMS (ESI+) m/z calcd for,BsNO, - H" 166.0146, found 166.0141.

4-nitrobenzoic acid (6e):*H NMR (600 MHz, DMSO) (ppm) 13.73 (br, 1H), 8.30
(d,J = 8.3 Hz, 2H), 8.15 (d] = 8.3 Hz, 2H)**C NMR (150 MHz, DMSO% (ppm)
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165.80, 149.99, 136.51, 130.66, 123.67. HRMS (EB8if)calcd for GHsNO, - H'
166.0146, found 166.0139.

1-(4-chlorophenyl)-1-hydroxy-4,4-dimethylpentan-3-y4-chlorobenzoate (7a)*H
NMR (600 MHz, CDC}) & (ppm) 8.02 (dJ = 8.1 Hz, 2H), 7.46 (d] = 8.1 Hz, 2H),
7.30-7.24 (m, 4H), 5.19 (d,= 10.9 Hz, 1H), 4.51 (d} = 10.1 Hz, 1H), 3.49 (d =

3.1 Hz, 1H), 1.99-1.82 (m, 2H), 1.01 (s, 9HC NMR (150 MHz, CDG) § (ppm)
167.15, 142.54, 140.10, 133.10, 131.35, 129.07,682828.26, 127.16, 79.55, 69.39,
40.14, 34.81, 26.24. HRMS (ESI+) m/z calcd fesH;03Cl, + Na™ 403.0838, found
403.0831.

1-(4-bromophenyl)-1-hydroxy-4,4-dimethylpentan-3-yl-bromobenzoate (7b):

'H NMR (600 MHz, CDCY) & (ppm) 7.94 (dJ = 8.5 Hz, 2H), 7.63 (d] = 8.5 Hz,

2H), 7.42 (dJ = 8.4 Hz, 2H), 7.22 (d] = 8.4 Hz, 2H), 5.18 (ddl = 11.1, 2.0 Hz, 1H),
4.49 (dt,J = 10.3, 3.1 Hz, 1H), 3.46 (d,= 3.7 Hz, 1H), 1.98 — 1.84 (m, 2H), 1.01 (s,
9H). *3*C NMR (150 MHz, CDGJ) & (ppm)167.29, 143.04, 132.09, 131.59, 131.47,

128.80, 128.71, 127.53, 121.21, 79.57, 69.46, 4@B4B1, 26.24. HRMS (ESI+) m/z
calcd for GoH2,03Br;, + Na' 490.9828, found 490.9800.

1-([1,1'-biphenyl]-4-yl)-1-hydroxy-4,4-dimethylpenian-3-yl [1,1'-biphenyl]-4-
carboxylate (7k): *H NMR (600 MHz, CDC}) & (ppm) 8.18 (dJ = 8.1 Hz, 2H), 7.71
(d,J=8.1Hz, 2H), 7.63 (d] = 7.4 Hz, 2H), 7.58-7.52 (m, 4H), 7.49JtF 7.5 Hz,
2H), 7.47 — 7.38 (m, 5H), 7.33 = 7.2 Hz, 1H), 5.28 (d] = 11.0 Hz, 1H), 4.64 (d,
J=10.2 Hz, 1H), 3.56 (dl = 3.0 Hz, 1H), 2.11 — 1.96 (m, 2H), 1.06 (s, 9K

NMR (150 MHz, CDCY¥) & (ppm) 167.93, 146.30, 143.19, 141.05, 140.40,0310.
130.55, 129.13, 128.86, 128.64, 128.41, 127.47.3827127.32, 127.29, 127.22,
126.26, 79.27, 69.84, 40.20, 34.89, 26.34. HRM3«E®/z calcd for GoH3,03 +

Na'" 487.2244, found 487.2264.

1-(4-chlorophenyl)-3-hydroxy-4,4-dimethylpentyl 4-tilorobenzoate (8a)H

NMR (600 MHz, CDC}) & (ppm) 8.00 (dJ = 7.8 Hz, 2H), 7.44 (d] = 7.8 Hz, 2H),
7.38 (d,J =8.0 Hz, 2H), 7.34 (d] = 7.8 Hz, 2H), 6.25 (d] = 10.8 Hz, 1H), 3.36 (dd,
J=10.2, 2.7 Hz, 1H), 2.31 (d,= 3.9 Hz, 1H), 2.17 (] = 13.0 Hz, 1H), 1.77 (1 =
12.7 Hz, 1H), 0.92 (s, 9H*C NMR (150 MHz, CDGJ) & (ppm) 165.66, 139.95,
139.65, 133.96, 131.22, 129.02, 128.99, 128.50,78275.37, 74.05, 39.64, 34.77,
25.82.HRMS (ESI+) m/z calcd for £H2,05Cl, + Na 403.0838, found 403.0874.

1-(4-bromophenyl)-3-hydroxy-4,4-dimethylpentyl 4-bomobenzoate (8b)*H
NMR (600 MHz, CDC}) & (ppm) 7.92 (dJ) = 8.4 Hz, 2H), 7.60 (d] = 8.4 Hz, 2H),
7.49 (d,J = 8.3 Hz, 2H), 7.31 (d] = 8.3 Hz, 2H), 6.28 — 6.14 (m, 1H), 3.35 (dd;
10.5, 4.1 Hz, 1H), 2.26 (d,= 4.7 Hz, 1H), 2.19 — 2.11 (m, 1H), 1.80 — 1.71 (i),
0.91 (s, 9H)*C NMR (150 MHz, CDGJ) 6 (ppm)165.79, 140.15, 132.04, 131.95,
131.35, 128.94, 128.65, 128.07, 122.09, 75.37,1789.60, 34.77, 25.82. HRMS
(ESI+) m/z calcd for gH»,03Br, + Na” 490.9828, found 490.9801.
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1-(3-(benzyloxy)phenyl)-3-hydroxy-4,4-dimethylpentl/3-(benzyloxy)benzoate
(8i): *H NMR (600 MHz, CDC}) & (ppm) 7.69 (br, 2H), 7.55 — 7.26 (m, 12H), 7.20
(d,J=7.1Hz, 1H), 7.11 - 7.02 (m, 2H), 6.92 J& 7.1 Hz, 1H), 6.26 (d] = 9.7 Hz,
1H), 5.12 (s, 2H), 5.07 (s, 2H), 3.35 (dds 9.5, 3.4 Hz, 1H), 2.39 (d,= 4.2 Hz, 1H),
2.22 —2.09 (m, 1H), 1.86-1.74 (m, 1H), 0.92 (s).9fC NMR (150 MHz, CDGJ) &
(ppm) 166.47, 159.15, 158.93, 142.96, 136.99, ¥36.81.57, 129.87, 129.70,
128.82,128.74, 128.30, 128.15, 127.73, 127.70582220.44, 118.89, 115.67,
114.16, 113.08, 75.30, 74.36, 70.38, 70.23, 38855, 25.90. HRMS (ESI+) m/z
calcd for G4H3¢0s + Na' 547.2455, found 547.2457.

1-(3,4-dimethoxyphenyl)-3-hydroxy-4,4-dimethylpent/3,4-dimethoxybenzoate
(8k): 'H NMR (600 MHz, CDCJ) & (ppm) 7.73 (ddJ = 8.4, 1.8 Hz, 1H), 7.58 (d,=

1.7 Hz, 1H), 7.03 (dd] = 8.3, 1.7 Hz, 1H), 6.96 (d,= 1.6 Hz, 1H), 6.91 (d] = 8.5

Hz, 1H), 6.87 (dJ = 8.3 Hz, 1H), 6.22 (dd} = 10.8, 2.1 Hz, 1H), 3.95 (s, 3H), 3.93 (s,
3H), 3.90 (s, 3H), 3.87 (s, 3H), 3.36 (dds 10.3, 3.9 Hz, 1H), 2.54 (d,= 4.6 Hz,

1H), 2.22 — 2.15 (m, 1H), 1.83 — 1.76 (m, 1H), 0(809H).**C NMR (150 MHz,

CDCl3) 8 (ppm) 166.66, 153.38, 149.13, 148.86, 133.99,8(23.22.73, 118.57,
112.38,111.33, 110.42, 110.13, 109.90, 75.364/%46R.22, 56.14, 56.12, 56.08,
39.88, 34.74, 25.95. HRMS (ESI+) m/z calcd fegHG,0; + Na 455.2040, found
455.2057.

1-([1,1'-biphenyl]-4-yl)-3-hydroxy-4,4-dimethylpentyl [1,1'-biphenyl]-4-

carboxylate (8n):*H NMR (600 MHz, CDGC}) & (ppm) 8.19 (d,) = 8.0 Hz, 2H), 7.70
(d,J = 8.0 Hz, 2H), 7.66-7.54 (m, 8H), 7.51-7.39 (m)5H35 (t,J = 7.2 Hz, 1H),

6.39 (d,J = 10.6 Hz, 1H), 3.44 (dd,= 10.5, 3.8 Hz, 1H), 2.51 (d,= 4.4 Hz, 1H),

2.25 (t,J = 12.7 Hz, 1H), 1.87 (t1 = 12.7 Hz, 1H), 0.96 (s, 9H)*C NMR (150 MHz,
CDCl) 6 (ppm) 166.65, 146.17, 141.09, 140.87, 140.34,134(1.30.46, 129.12,
128.92, 128.38, 127.56, 127.51, 127.44, 127.34.287126.79, 126.26, 75.35, 74.24,
39.97, 34.78, 25.9HRMS (ESI+) m/z calcd for £H3,05 + Na™ 487.2244, found
487.2259.
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We report a systematic study and comparison of the solid-state aldol reactions of solvated and
unsolvated lithium pinacol one enolate with a variety of solid aromatic adehydes. In solution, the
reactions are highly-selective for the aldol condensation product at room temperature. Using a
mortar and pestle, the reactions with unsolvated lithium pinacolone enolate yielded a mixture of
aldol condensation product and aldol addition product at room temperature.
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