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Summary
Results are reported on the regioselective C-deuteriation of 2-methyl tetralone using
piperidine-d;; as a deuterium source. The results presented further aid the

understanding of kinetic deuteriation of amine—enolate complexes. Copyright ©
2004 John Wiley & Sons, Ltd.
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Introduction

The understanding of proton transfer in chemical and biological systems is
becoming an increasingly important area.' The absolute and relative rates of
many individual chemical proton transfer processes have been well documen-
ted,” but their chemical consequence has been less studied.> Over the last
decade,® numerous research groups have focused their attention on the
enantioselective protonation of enol(ate) derivatives with some success.” Of
these reports, many have used the commercially available racemic ketone, 2-
methyl tetralone 1 as their preferred carbonyl substrate.® This is primarily due
to its predictable enolate chemistry’ and the ease of which it can be recovered
(due to its UV activity and non-volatile nature).

Over the last few years,® we have been interested in the mechanistic pathway
of such processes, and recently, we have reported’ the deuteriation of related
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360 G. S. COUMBARIDES ET AL.

enolates to aid the understanding of these proton transfer processes. For
example, deprotonation of 2-methyl tetralone 1 with lithium diisopropylamide
(LDA) and attempted deuteriation of the corresponding diisopropylamine—
enolate complex 2a with acetic acid-d; gave the recovered tetralone 1 with
virtually no D-incorporation® ([D]:[H]=2:98) in 90% yield (Scheme 1).'” This
poor level of incorporation was not that unsurprising since in related
studies enolate deuteriation has been shown to be problematic in the presence
of an amine."’

OLi--HN(i-Pr), H
CD3002D
THF -78°C

1; 90%
2-(IDJ:[H] 2:98)
n-BulLi

1-d; 70%
2-(ID]:[H] 35:65)

Scheme 1.

The mechanism of simple enolate deuteriation has been well documented,
most notably by Seebach ez al.!' They concluded that the presence of a residual
base derived from the original lithium diisopropylamide base (e.g. lithium
diisopropylamine) was responsible for the poor levels of D-incorporation.
For example, they reported'' that deprotonation of the ester 3 with
LDA and addition of a solution of acetic acid-d; (in D,O) to the resulting
diisopropylamine—enolate complex 4a gave only moderate D-incorporation
(of up to 30%) (Scheme 2). However, by removing the NH proton
of diisopropylamine by the sequential addition of n-BuLi to form the
amide—enolate complex 4b, and repeating the same deuterium quench
gave significantly higher levels of D-incorporation (98%). This has led to
the idea of internal proton return,'' in which the NH proton of the inter-
mediate amine is re-supplied to the enolate in 4a (during the D-quench) to give
back the recovered ester 3. This reaction must proceed via an intermediate
diisopropylamine-d;—enolate complex like 4a, which must evidently allow
efficient internal deuterium return (back to the enolate) in the presence of
acetic acid.'!

However, using Seebach’s approach'! the level of D-incorporation could be
improved by removing the problematic NH proton from the intermediate
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diisopropylamine—enolate complex 2a using n-BuLi. Deuteriation of the
resulting amide—enolate 2b with acetic acid-d; gave slightly better D-
incorporation (increasing from 2% to 35%) (Scheme 1). However, this level
of D-incorporation was significantly lower than expected. This may be
attributed to the reduced C-basicity of the tetralone enolate 2 thus
lowering the amount of C-deuteriation than that of the corresponding ester
3 (Scheme 2).'*!3

In an attempt to gain further insight and comprehension into the
mechanism of this amine-mediated deuteriation of enolates, we chose to
investigate the use of a commercially available secondary amine, piperidine-d;;
as a potential deuterium source for enolate deuteriation.

Results and discussion

We first established the need to investigate this process by attempting to
deuteriate 2-methyl tetralone 1 through deprotonation with lithium piperidide,
followed by addition of acetic acid-d, (Scheme 3). Deprotonation of 2-methyl
tetralone 1 with lithium piperidide (formed by the addition of n-BuLi to a
solution of piperidine in THF at —78°C) under our standard conditions'* gave
the corresponding piperidine—enolate complex 2¢. Slow addition of acetic acid-
d4 to 2¢ gave the required 2-methyl tetralone 1-d; with low D-incorporation
(ID]:[H]=5:95) in 56% yield. However, by using a less D-acidic deuterium
source, such as MeOH-d;, gave a further increase in D-incorporation
(ID]:[H]=173:27; 69% vyield) (Scheme 3). These relative levels of D-incorpora-
tion are common for these types of D-sources.'* In addition, the amount of
proton return which leads to the unlabelled 2-methyl tetralone 1 is the
dominant pathway in the case of acetic acid-d;. However, an obvious problem
associated with this approach is that unlabelled 2-methyl tetralone 1 could be
derived directly from undeprotonated starting material 1. In an attempt to get
a better understanding of this process, we chose to study these reactions under
conditions in which the starting precursors and product(s) were distinct.
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I OLi--HNCsH1o
THF, -78°C
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2-([DJ:[H] 5:95)

C&DV
1-di; 69%
2-(IDJ:[H] 73:27)

Scheme 3.

We decided to use Stork’s silyl enol ether methodology'” for the formation
of the lithium enolate 2d derived from 2-methyl tetralone 1; by addition of
MeLi to the corresponding silyl enol ether 5 (formed by trapping the
diisopropylamine—enolate complex 2a with Me;SiCl) (Scheme 4). It is
important to note that this enolate 2d is generated in the absence of
diisopropylamine since this was removed during purification of the
precursor, silyl enol ether 5. This methodology is clearly versatile since
it allows the construction of a particular enolate complex through the
addition of additives to the corresponding parent enolate 2d. For example,
addition of unlabelled piperidine to the ‘base-free’ enolate 2d should lead
directly to the original base—enolate 2¢ (Scheme 4) derived from 2-methyl
tetralone 1 and lithium piperidide (Scheme 3). However, by comparison,
addition of acetic acid-d; and MeOH-d, to this constructed piperidine—enolate
complex 2c¢ gave the corresponding 2-deuterio-2-methyl tetralone 1-d;

(0] H OLF-HN/-Prp OSiMes
-ProNLi Me,SiCl
THF, -78°C

2a 5; 84%
SiM93 OLi [Nj LF‘HNC5H10
—— O —— CC
- Me4Si

2d 2c

2

Scheme 4.
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in moderate to good yield (Scheme 5). The level of D-incorporation for
acetic acid-d, was similar to that obtained using the original piperidine—
enolate complex 2¢ (Scheme 3). By comparison, for MeOH-d, the level of
D-incorporation for the constructed enolate 2c¢ was slightly lower
(Schemes 3 and 4).

0 QL--HNCsH1o 0
Ci‘:?r 1. MeOH-dy O‘ 1. CD3CO.D C& s s 1om
2. MesSiCl 2. MesSiCl

1-di; 71% 2c 1-dy; 44%
2-(ID]:[H] 22:78) 2-(ID]:[H] 10:90)
Scheme 5.

With this information in hand, we were now able to investigate the use
of piperidine-d;; as a potential D-source for enolate deuteriation. Formation
of the required base—enolate complex 2¢-d;; was easily achieved by addition of
piperidine-d;; to the ‘base-free’ enolate 2d (derived from the corresponding
silyl enol ether § and MeLi) (Scheme 6).

OSiMes zﬁ OLF -DNCsDw
Me4S|
5

2c-dy4

Scheme 6.

We first investigated the addition of unlabelled acetic acid to this piperidine-
di1—enolate complex 2¢-d;;. Slow addition of acetic acid to this piperidine-d;—
enolate, followed by the addition of MesSiCl after 30 min (to remove any
unreacted enolate in the form of its silyl enol ether 5) gave the required
2-deuterio-2-methyl tetralone 1-d; but with low D-incorporation
(IDI:[H]=9:91) in 71% vyield (Scheme 7). As an alternative strategy,
addition of a pre-mixed solution of acetic acid and MesSiCl to this
piperidine-d;;—enolate complex 2c-d;; gave 2-deuterio-2-methyl tetralone
1-d, with similar levels of D-incorporation ([D]:[H]=13:87) but in lower
chemical yield; this was primarily due to an increase in silyl enol ether 5
formation (36% yield) (Scheme 7). By comparison, addition of D-labelled
acetic acid-d; and MeOH-d,, followed by the addition of MesSiCl (after
30min) gave the corresponding 2-deuterio-2-methyl tetralone 1-d; with
near perfect D-incorporation in 72% and 66% yield respectively (Scheme 7).
The higher levels of D-incorporation are not that surprising since both the
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Scheme 7.

internal (piperidine-d;;) and external deuteriation source (acetic acid-dy or
MeOH-d,) were fully deuteriated.

However, the role of Me;SiCl in these deuterium transfer processes was
rather intriguing. Simple addition of Me;SiCl to the piperidine-d;;—enolate
complex 2c¢-d;; enabled D-transfer to occur from the piperidine-d;; to the
enolate 2 to give 2-deuterio-2-methyl-tetralone 1-d; with moderate D-
incorporation ([D]:[H]=30:70; 59% yield). This level of D-transfer can
be increased slightly to 40% ([D]:[H]=40:60) by use of a LiBr additive
(Scheme 8).

LiBr OL-DNCsD1o
_ Megsicl Me3SiCl
CO

1-di; 51% 2c-dy4 1-dy; 59%
2-([D]:[H] 40:60) 2-([D]:[H] 30:70)

+ 5;23%

s

LiO-t-Bu

OLi--DNCsD+g
1 MelLi (x2) Me3S|CI
OO zomgn~ (L)

6 2e-dy4

OL-DNCsD1o H
O

2¢-dy4 1; 60%
2-([D]:[H] <2:>98)

+ 5;20%

&o

1-ch; 40%
2-([D][H] 27:73)

Scheme 8.

The formation of this LiBr-enolate complex was achieved by the addition of
a solution of MeLi-LiBr to the original silyl enol ether 5.'® The structural
nature of the Ilithium enolate appears to be unimportant as far
as the outcome of this deuteriation process. Addition of MesSiCl to a
preformed solution of House and Trost’s'’ lithium ¢-butoxide-piperidine—
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enolate complex 2e-d;; [formed by addition of MeLi (two equivalents) to the
enolacetate 6]'® gave the required 2-deuterio-2-methyl tetralone 1-d; with a
moderate level of D-incorporation ([D]:[H] =27:73; 40% yield).

The presence of Me;SiCl is crucial in mediating some of these deuteria-
tion processes. Without it, no D-transfer from the deuterium source,
piperidine-d;; to the enolate can occur. For example, addition of H,O to
the piperidine-d;,—enolate complex 2¢-d;; gave exclusively 2-methyl tetralone
1 with no D-incorporation ([D]:[H]=<2:>98; 60% yield). From this study,
it appears that the Me;SiCl directly assists the D-transfer process,
presumably by enhancing the D-acidicity of the D-amine via nucleophilic
addition of the amine, piperidine-d;; to MesSiCl. This type of electrophile-
mediated process has previously been reported in the enantioselective
protonation of 2-methyl tetralone (using a Lewis acid, SnCly, and BINOL
combination)' and, also a substituted amide (using a Lewis acid, BF;, and
amine combination).”

We next turned our attention to screening a variety of different electrophiles
in an attempt to increase the level of D-incorporation (Scheme 9). Addition of
BBr;, -BuCOCI] and 2-methyl tetralone 1 to the piperidine-d;;—enolate
complex 2e¢-d;; gave moderately low levels of D-incorporation. It is
particularly worthy of note, that some deuterium transfer occurs
([D]:[H]=19:82) even when 2-methyl tetralone 1 was used as a mediator but
not as much as in its absence (Schemes 9 and 10).

Li"DNC5D10 D
1. reagent
O‘ 2. Me3SiCl
2c-dyq 1-d,
reagent none LiBr BBr3 t-BuCOCI  2-methyl tetralone 1

2-([DI[H]) 30:70;59% 40:60;51% 7:93;94% 32:68; 66% 19:82; 41%*°

249% of silyl enol ether 5 was formed/recovered
Scheme 9.

In light of Me5SiCl being a mediator for deuterium transfer from an amine
to an enolate, we next chose to investigate the use of the silyl enol ether 5 as a
mediator itself. Addition of piperidine-d;; to the silyl enol ether 5§ at room
temperature, and stirring the resulting solution for 3h resulted in 40%
conversion of the silyl enol ether 5 into the required 2-deuterio-2-methyl
tetralone 1-d; with 36% D-incorporation ([D]:[H]=36:64). This silyl enol
ether 5 appears to be more electrophilic than the related enol acetate 6 since
under identical reaction conditions no reaction appears to occur with the
enolacetate 6.
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SIM93 ﬁ ?
3 hours

5 1-dy; 36% conversion
2-([D]:[H] 36:64)

D
OAc (0]
‘& " 0
O‘ 3 hours

1-dy; 0% conversion

Scheme 10.

In conclusion, we have shown that C-deuteriation of 2-methyl tetralone
1 can occur efficiently in the presence of both a labelled secondary
amine, piperidine-d;; and an external D-source, such as acetic acid-dy
or MeOH-d;. The external deuterium donor must naturally favour
C-deuteriation'*'* to give directly the required 2-deuterio-carbonyl
derivative rather than O-deuteriation to give the related D-enol. For the
synthesis of related H-enols see Reference 21. O-Deuteriation can be
avoided by ensuring analogous non-isotopic acids have a pK,>10."* For
a related ketone, e.g. acetophenone; pK, (enol OH)=7.9 and pK, (carbonyl
CH)=18.2. This can be partially controlled by ensuring that the deuterium
donor is weakly D-acidic (to prevent D-enol formation) and by using a C-
directing deuterium donor,'*!* whereas, for a D-labelled amine, C-deuteria-
tion can occur in the presence of a mediating electrophile (e.g. MesSiCl)
which assists the internal deuterium return to give moderate levels of
D-incorporation. Presumably, incomplete C-deuteriation is due to com-
petitive O-deuteriation to give the corresponding D-enol, which is known
to lead to the label being lost as a result of tautomerisation under aqueous
work-up, 131422

Experimental

All solvents were distilled before use. Tetrahydrofuran (THF) and ether
were freshly distilled from sodium wire. Benzophenone was used as the
indicator for THF. All reactions were carried out under nitrogen using
oven-dried glassware. Flash column chromatography was carried out using
Merck Kieselgel 60 (230400 mesh). Thin layer chromatography (TLC)
was carried out on commercially available pre-coated plates (Merck Kieselgel
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60F254 silica). Proton and carbon NMR spectra were recorded on a Bruker
AM 250 Fourier transform spectrometer using an internal deuterium
lock. Chemical shifts are quoted in parts per million downfield from
tetramethylsilane. Carbon NMR spectra were recorded with broad
proton decoupling. Infrared spectra were recorded on a Shimadzu 8300
FTIR instrument and mass spectra were recorded on a Kratos SOMSTC
spectrometer using a DS503 data system for high-resolution analysis. The
levels of D-incorporation were determined by a combination of mass and
proton NMR spectra.

Synthesis of 2-methyl-tetralone 1'*

Tetralone (2.0g, 1.8ml, 13.7mmol) was slowly added dropwise to a stirred
solution of LDA (9ml, 1.5M in THF, 13.7mmol) in THF (50 ml) at —78°C
and stirred for 20min. Mel (0.83 g, 1.9ml, 13.7mmol) was added and this
solution was stirred for 12 hours. A solution of NH4CI (10 ml) was added and
the mixture was extracted with ether (3 x 50 ml). The combined organic layers
were dried (MgSO,) and evaporated under reduced pressure. The residue was
purified by flash column chromatography on silica gel eluting with light
petroleum (b.p. 40—60°C)-ether (19:1) to give 2-methyl tetralone 1 (1.67g,
76%) as a colourless oil; R [light petroleum (40-60°C):ether (9:1)] 0.4; vinax
(film)/em ™" 1686 (C==0) 8,3(250 MHz, CDCl3) 1.28 (3H, d, J 7.3, MeCH),
1.87 (1H, m, CHAH3p), 2.20 (1 H, dt, J 13.2 and 4.4, CHAH3), 2.60 (1 H, m,
CHMe), 3.00 2H, m, CH,C=C), 7.22 (1H,d, J 7.6, CH; Ar), 7.25 (1H, t, J
7.6, CH; Ar), 7.47 (1H, dd, J 7.7 and 7.6, CH; Ar) and 8.00 (1 H, d, J 7.7, CH;
Ar); 6c(62.5MHz, CDCl;) 15.3, 28.8, 31.3, 42.0, 126.6, 127.4, 128.7, 132.4,
133.1, 144.2 and 200.8 (Found M+, 160.0882. C,H;,O requires MH,
160.0882); m/z 160.1 (100%, M).

Synthesis of silyl enol ether 5'*

2-Methyl tetralone 1 (1.0g, 6.24mmol) was added dropwise to a stirred
solution of LDA (4.2ml, 1.5M in THF, 6.24 mmol) in THF (50 ml) at —78°C
and stirred for 20 min. Me;SiCl (0.68 g, 0.8 ml, 6.24 mmol) was added and this
solution was stirred for 3h. A solution of NH4Cl (50 ml) was added and the
mixture was extracted with ether (3 x 50ml). The combined organic layers
were dried (MgSO,) and evaporated under reduced pressure. The residue was
purified by flash column chromatography on silica gel eluting with light
petroleum (b.p. 40-60°C)-ether (19:1) to give the trimethylsiloxy-2-methyl-
tetral-1-ene 5 (1.22g, 84%) as a colourless oil; Rg [light petroleum (40—
60°C):ether (9:1)] 0.9; vimax (film)/em ™' 1657 (C=CO) 53(250 MHz, CDCl5)
0.20 (9H, s, -Bu), 1.80 (3H, s, CH3), 2.24 2H, t, J 7.8, CH,), 2.72 (2H, t,
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J 7.8, CH,), 7.18-7.06 (3H, m, 3 x CH; Ar) and 7.31 (1H, d, J 7.3, CH; Ar);
dc(62.5MHz, CDCls) 1.2, 17.9, 28.9, 29.7, 117.5, 122.1, 126.8, 127.3, 135.0,
136.6 and 143.1 (Found M +, 232.1274. C14H,¢OSi requires M, 232.1283); m/z
232.1 (100%, M).

Synthesis of 2-deuterio-2-methyl-tetralone I-d}*

A solution of MeLi (0.6 ml, 1.6 M in ether, 0.61 mmol) was added dropwise to
the silyl enol ether 5 (0.14 g, 0.60 mmol) at room temperature. The resulting
solution was stirred for 1 hour at room temperature and then cooled to —78°C.
Acetic acid-dy (43 mg, 42 ul, 0.68 mmol) in THF (1 ml) was added dropwise,
and the solution was stirred for a further 30 min. The reaction was quenched
by the addition of water (10ml), extracted with ether (3 x 20ml), dried
(MgSQ,4) and evaporated under vacuum. The residue was purified by flash
chromatography on silica gel eluting with light petroleum (40-60°C):ether
(9:1) to give the 2-deuterio-2-methyl-1-tetralone 1-d, (67 mg, 68%) as an oil;
R [light petroleum (40-60°C):ether (9:1)] 0.4; vax (film)/cm ™' 2106 (C-D)
and 1683 (CO); dy4(250 MHz, CDCl;) 1.28 (3H, s, MeCD), 1.87 (1 H, m,
CHHgp), 2.20 (1 H, dt, J 13.2 and 4.4, CHAH3g), 3.00 2H, m, CH,C=C),
722 (1H, d, J 7.6, CH; Ar), 7.25 (1H, t, J 7.6, CH; Ar), 7.47 (1H, dd, J 7.7
and 7.6, CH; Ar) and 8.00 (1 H, d, J 7.7, CH; Ar); 8c(62.5 MHz, CDCl;) 15.3,
28.8, 31.3, 420 (1 C, t, 'Jc.p 19.0, CDMe), 126.6, 127.4, 128.7, 132.4,
133.1, 144.2 and 200.8 (Found MH+, 162.1034. C;;H;,DO requires MH,
162.1029); m/z 162 (100%, M). The isotopic shift was 0.5ppm (75.4. Hz at
150 MHz).

Typical experimental procedure for deuteriation of a silylenol ether 5. A
solution of MeLi (0.66ml, 1.6 M in ether, 1.06 mmol) was added dropwise to
the silyl enol ether 5 (0.25g, 1.06 mmol) at room temperature. This resulting
solution was stirred for 30min at room temperature and then cooled to
—78°C. Piperidine-d;; (0.10g, 0.12ml, 1.06 mmol) was slowly added and the
resulting solution was stirred for 30min. Acetic acid-d; (0.19g, 0.18 ml,
3.18 mmol) in THF (1 ml) was added dropwise to this solution and the mixture
stirred for a further 30 min. Me;SiCl (0.23 g, 0.17 ml, 2.12 mmol) was added
and the resulting solution was stirred for a further 30 min. The reaction was
quenched by the addition of H,O (10ml). The solution was extracted with
ether (3 x 20ml), dried (MgSQO,) and evaporated under vacuum. The residue
was purified by flash chromatography on silica gel eluting with light petroleum
(40-60°C):ether (9:1) to give 2-deuterio-2-methyl-tetralone 1-d; (0.12g, 72%)
([D]:[H]=95:5) as an oil and identical spectroscopically to that previously
synthesized.
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Typical experimental procedure for deuteriation of an enolacetate 6. A solution
of MeLi (0.59ml, 1.6 M in ether, 0.15mmol) was added dropwise to the enol
acetate 6'° (0.19 g, 0.95mmol) at room temperature. This resulting solution
was stirred for 30 min at room temperature and then cooled to —78°C.
Piperidine-d;; (90mg, 0.11 ml, 0.95 mmol) was slowly added and the resulting
solution was stirred for 30 min. Me;SiCl (0.17 g, 0.16 ml, 2.85 mmol) in THF
(1 ml) was added dropwise to this solution and the mixture stirred for a further
30min. The reaction was quenched by the addition of water (10ml). The
solution was extracted with ether (3 x 20ml), dried (MgSQO,) and evaporated
under vacuum. The residue was purified by flash chromatography on silica gel
eluting with light petroleum (40-60°C):ether (9:1) to give 2-deuterio-2-methyl-
tetralone 1-d; (60 mg, 40%) ([D]:[H]=27:73) as an oil and identical spectro-
scopically to that previously synthesized.

Typical deprotonation—deuteriation procedure using lithium piperidide. A
solution of piperidide (0.82mmol in 2ml THF) was added dropwise
to a stirred solution of 2-methyl tetralone 1 (0.11g, 0.68§ mmol) in THF
(2ml) at —78°C. The resulting solution was stirred for 30min. Acetic
acid-d; (0.12g, 0.12ml, 2.04mmol) was added and the solution stirred
for 30 min. A solution of NH4Cl (10ml) was added and the mixture was
extracted with ether (3 x 20ml). The combined organic layers were dried
(MgSQOy4) and evaporated under reduced pressure. The residue was purified by
flash column chromatography on silica gel eluting with light petroleum (b.p.
40-60°C)-ether (19:1) to give 2-methyl-tetralone 1-d; (21mg, 56%)
([D]:[H]=5:95) as an oil and identical spectroscopically to that previously
synthesized.
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