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DOI: 10.1030/X0XX00000X Recent progress in protein NMR spectroscopy revealed aromatic residues to be valuable information

sources for performing structure and motion analysis of high molecular weight proteins. However, the
www.rsc.org/ applied NMR experiments require tailored isotope labelling patterns in order to regulate spin-relaxation
pathways and optimize magnetization transfer. We introduced a methodology to use a-ketoacids as
metabolic amino acid precursors in cell-based overexpression of phenylalanine and / or tyrosine labelled
proteins in a recent publication, which we have now developed further by providing synthetic routes to
access the corresponding side-chain labelled precursors. The target compounds allow for selective
introduction of C-"H spin systems in a highly deuterated chemical environment and feature alternating
*C-BC-"Cring-patterns. The resulting isotope distribution is especially suited to render straightforward
C spin relaxation experiments possible, which provide insight into the dynamic properties of the

corresponding labelled proteins.

Introduction Selective stable-isotope patterns are requirediable effective
. . ) » magnetisation transfer and well defined spin rdiara which
Aromatic amino-acids represent a sensitive soufctractural is both necessary to decrypt the structural infdionaburied in
and dynamic parameters in high-molecular weighttgino these residues. Alternating?C-3C-2C and/or 2H-H-2H
NMR s.pectroscop§7. Phenylalanlnes. ar.Id . tyrosines ar'glrrangements in the aromatic ring systems have bleewn to
substantially overrepresented at protein bindirtgrfaces due result in well resolved NMR signals due to sigrafit reduction
to their at.)|I|IyI to corltrlbute to hydrophoblc-., aell as 10 ¢ cqjar and dipolar couplinggsolated*C-*H spin systems in
electrostatic interactiorfs. Examples from literature have_ | otherwise?H-containing aromatic ring have additionally
proven the importance of aromatic residue deriv€&EN]ata to been used as valuable tools to elucidate aromati chain
complement the set of methyl-group derived distaestraints motion by erasing unwanted relaxation pathwiReports on
for structure calculatioh. Moreover, aromatic side <:hains1abelling phenylalanine and tyrosine residues wittable
display a remarkable flexibility in dynamic motiowhich can isotopes include cell-free (CF) protein synthksis well as
ey 3 l . . .
be s.erjsntlvely probed. byl, C'H. spin palr.%/?ér:ellsaxatlo.ﬁ. cell-based expression systefifs CF-approaches require the
Insuff.|C|ent chemical Sh'f,t dISpEItSIOn, gxten5| -~C spin sophisticated synthesis bN-labelled amino acids, but display
C?“p"”g ‘f,’md retarded 5|de-(.:h§un motion s.tronglgecrllf the highly selective isotope composition in the tangetteins. Cell-
signal assignment and analysis in the aromatictsgdeegion. based overexpression, on the other hand, makesfus@ino
. - - - - . acid precursor compounds, which are introduced he t
% Institute of Organic Chemistry, University of Mi®n metabolism of a protein expressing organfsm.
Wahringerstr. 38, A-1090 Vienna, Austria Although economically preferred, cell-based methaften
E-mail: roman.lichtenecker@univie.ac.at suffer from low incorporation rates and selectivitye to the
loss of heavy isotopes at metabolic crossroadsortter to
t  Electronic Supplementary Information (ESI) aabié:*H-NMR and expand the methodology of introducing stable isesomt
3C-NMR spectra of the target aromatieketoacid sodium salt&-3 and distinct positions of a target protein, we recenpgesented
the synthetic intermediates are provided. See D@1039/b000000X/ highly selective phenylalanine- and tyrosine- rasidabelling
based on the corresponding metabaliketoacid precursors
sodium phenylpyruvate and sodium 4-hydroxyphenylpste
(scheme 1}°
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Scheme 1 E. coli based overexpression of a model protein in presence of labelled 2
aromatic precursor compounds of phenylalanine and tyrosine results in selective 0
protein isotope labelling as shown in previous studies. I R
D,0 T = DN <--HOOC.__NH,

Protein synthesis using & coli overexpression host in the
presence of the labelled aromaticketoacids thus resulted in

. “2c00! Na*
p.” b
Y T b0

the incorporation ofC without any cross-labelling to otherH:mC\ﬁCH: R JHQCE}BC\Hj
residues. This new methodology combines the rolesstrand o OH
versatility of in-cell overexpression with high brporation 3 ””” :

selectivity, which is usually the domain of celéér protein
synthesis In order to further develop ouketoacid precursor Scheme 2 Target compounds for the selective labelling of Phe- (1 and 2) and Tyr-

’ . . .. (3) residues in cell-based protein overexpression systems. Isotope sources
based approaches towards selective SIde-ChaIl"I“@@ W€ |abelled acetone and D,0 are shown in grey, as well as the potential source for
developed a synthetic route to sodium phenylpy®ivat backbone labelling glycine.
containing *C-'H at meta-positions in an otherwise
perdeuterated chemical environment. We could ajreastable isotope composition (e.g. various patterhdabelled
demonstrate that this side-chain labelled preclissselectively acetone for side-chain-, or glycine a§@-source for backbone
converted to Phe-residues in Bn coli expression mediurtf. labelling).

This article describes the synthetic details toapbthe>C/’H The synthesis of sodium 3,3-dideuterio([3%6,]2,4,6-
aromatico-ketoacids illustrated in scheme 2. In additiorthe trideuteriophenyl)pyruvatel was performed as outlined in
already mentioned precursiy synthetic approaches to accesscheme 3. Initially, a straightforward way to accethe
para®®C-'H labelled phenylalanine precurspr as well as the aromatic ring system in one step was applied byti@a of
meta °C-'H tyrosine precursoB are presented. The routesommercially available [1,3%C] acetone 4 with sodium

feature acetone and heavy water Be and °H sources,
respectively. Labelling of backbone positions issible by
application of-*C-glycine as shown previouslty.

Results and discussion

The approach to access the target compotsiéscheme 2) is
based on the synthesis of the aromatic ring by timaoof
labelled acetone with nitromalonaldehyde in basiuemus
solution?? Selective deuteration at activated ring-positioms
planned in acidic BD using aniline or 4-aminophenol
electron rich substrates at elevated temperatdrés the one
hand, this synthetic concept was designed as amoeuoally
practicable way of synthesizing enough materiabeoused in
cell-based protein overexpression (quantitative toize
incorporation at 100-200 mg/L minimal medium) dwethe
relatively cheap sources of stable isotopes andstofeaction
steps. On the other hand, the routes should béRernough
to access alternative isotope patterns by simplickimg to
commercially available starting compounds with efiént

2| J. Name., 2012, 00, 1-3

nitromalonaldehyde5. Compound5 can be prepared from
mucobromic acid as a stable sdifdSubsequent deoxygenatior
of [2,683C;] 4-nitrophenol 6 was performed in a two-step
reaction sequence via the 1-phemji-tetrazolylether 7.1°
Compound7 was prepared by reaction of the phenolic hydroxv
group with 5-chloro-1-phenylH-tetrazole in the presence of
KOtBu. Hydrogenation using palladium on charcoalr@m
temperature and a pressure of 4 bar removed thgeoxfrom
the aromatic ring, while at the same time the nifroup was
reduced vyielding [3,33C,] aniline 8.1° At this stage, the

aeuterium pattern at the aromatic ring was indfallas

compound8 shows highly selectivéH/’H exchange at the
electron-rich ortho/para positions in presence gb@nd HCI
under microwave irradiatiol?. Subsequent formation of [3,5-
13¢,] 2,4,6-trideuteriobenzonitrilel0 was achieved by using
potassium tetracyanonickelate in ammonium chlobd&er’
Reduction of compoundl0 using diisopropylaluminium
hydride yielded [3,55C,] 2,4,6-trideuteriobenzaldehydél
which was then used in the subsequent condensstépnwith
hydantoin® The preparation of labelled benzalhydantdia

This journal is © The Royal Society of Chemistry 2012
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was done in the presence of ammonium acetate, vpnahded (A) 180°C, MW, 180°C, MW,

higher and more reproducible yields than the useaafium NHg p,o.He, N2 b0 Hol NHz
S . L D D 420 min. 30min. D D

acetate reported in literatut& Finally, the hydantoin ring of

compound 12 was hydrolysed using 20% NaOD solution D D H H

which simultaneously introducedH at the G-position. OH OH OH

Labelled sodium phenylpyruvatel was obtained by
lyophilisation from aqueous solution as a stablétevpowder
in an overall yield of ~ 16% in 8 steps from [13&] acetonet. 100 i A A A A A

C

NO, KOtBu, then 5-chloro-
aqu. NaOH, 1-phenyl- 1H-tetrazole,

o)
0 \ 63% DMF, 74%
M o Fone ——, )
* *
NO, 40
OH

4 5 6 /

20 -

Pd/C (10%), D,0, HC, NH, _/
H, (4 bar), NH;  MWeirradiation, D X . - = o
toluene, 97% 71% time (min.)
—_— - * *

* H H

Scheme 4 (A) Selective deuteration of 4-aminophenol. Reagents and conditions:
4-aminophenol (400 mg), D,O (4 mL), HCl con. (50 pL), 180°C, microwave
CN irradiation; (B) Time dependent progress of 4-aminophenol deuteration in

D
9
CHO - o L .
NaNO,, HC]; positions 3,5 (A) and additional deuteration in positions 2,6 (m). The solvents
D D
Jﬁl

’H content (%)
o]
o

o
o
L

N\,Q/ 8

then K,Ni(CN), D D Diisobutylaluminium were evaporated after 180 min. and replaced by fresh D,0. ’H content was
NH./NH.CI. 84% hydride, CH,Cl,, 86% analysed by integration of the corresponding "H-NMR signals.
3 4% ° * * f 2Ll2, °

—— H H

D In this case, the Pd/C-mediated hydrogenation wgaina
conducted in the continuous-flow hydrogenation t@ac
leading to an isolated hydrogen atom in para pmsitf the

hydantoin, NH,0AG, o NaOD/DZO COONa* resulting labelled aniliné8. The follqwing reaction steps were
AcOH, 84% 0% performed analogously to the reaction sequencetegbéor the
preparation of the labelled sodium phenylpyruvhateading to
the target compound sodium 3,3-dideuterid@}2,3,5,6-
tetradeuterio-phenyl)pyruva@in 9 steps and an overall yielc
of ~ 11%.
To achieve straightforward labelling at the aromafde chain
Scheme 3 Synthesis of labelled phenylpyruvate 1. Asterisks denote *>C labelling. of tyrosine residues, a route to sodium 3,3-did’dm(t[e3,5-13(32]
2,6-dideuterio-4-hydroxyphenyl)pyruvat® was developed as
In order to access compoungsand 3, the deuteration of 4- outlined in scheme 6. After formation of the aromatystem,
aminophenol upon microwave irradiation was thordygh[2,6-'*C;] 4-nitrophenol 6 was converted to [2,6C,] 4-
studied (scheme 4). A nearly quantitative deutematiat aminophenoR2 as described in the synthesis of compo@nd
position 3 and 5 was achieved within 30 minute48@°C in Deuteration in the ring positions 3 and 5 was tbemducted in
presence of BD and HCly (1.25% v/v). Additional D,O / HCI at 180°C for 37 minutes, followed by forrioat of
incorporation of?H at position 2 and 6 was performed at kbelled 4-hydroxybenzonitrile 24 using  KNi(CN),.
much slower rate with >95% deuteration after 8 Band only Diisobutylaluminium hydride reduction gave 4-
minimal aminophenol degradation. The side-chainteration hydroxybenzaldehyde25, which subsequently underwent
patterns for compound® and 3 could thus be installed bycondensation with hydantoin in the presence of rpdpee."
varying the reaction time of the microwave mediatddydrolysis of the hydantoin ring in NaOD /,0 finally gave
deuteration. Sodium 3,3-dideuterio@@E] 2,3,5,6-tetradeuterio sodium 3,3-dideuterio ([3,5C,] 2,6-dideuterio-4-hydroxy-
phenyl)pyruvate 2 was prepared by reducing fic] phenyl)pyruvate as a stable white solid. This 7 steps sequerw.
nitrophenol14 to [1-:°C] aminophenol5 using the continuous- yielded the target compourglin a total yield of ~28%, which
flow hydrogenation reactor H-cuBe (scheme 5). After contains ~23% deuterium in positions 3 and 5 ofahmmatic
microwave induced deuteration at positions 2,3,% &) ring (determined by NMR signal integration).
deoxygenation was again performed via the corradipgnl-
phenyl-H-tetrazolylethed 7.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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o NO,  H-cube® hydrogen NO,  H-cube® hydrogen NH;  D,0, HCl,
0 \ aqu. NaOH, reactor, Pd/C (10%), reactor, Pd/C (10%), MW-irradiation, D
)*K + Y ONa' 549, MeOH, 98% MeOH, 90% 9%
NO, - * *
13 5 14 OH oH
KOtBu, then 5-chloro- 6 22 23
NH, D20 HCL NH 1-phenyl- 1H-tetrazole Diisobutyl-
MW-irradiation, 1, D DuF 845 ' NaNO,, HCI; CN aluminium hvdri GHo
75% : then KNICN)s, b yaride, -, D
NH4/NH,CI, 87% CH,Cl, 85%
h D7 % D =y
OH OH W+ H TR
NH, H-cube® hydrogen NH, NaNO,, HCI, %
D D reactor, Pd/C (10%), D D then KoNi(CN),,

HN

MeOH, 86% NH/NH,CI, 76%
D™ D DI D hydantoin, NaOD/DZO COO'Na*
O\(/N\ H piperidine, 74% 88%
N _—
: 17 N—( 18 JZ) N

Diisobutyl- hydantoin, NH
aluminium CHO NH,4OAc, 72
CN hydride, AcOH, b o) Scher.ne 6 Synthesis of labelled hydroxyphenylpyruvate 3. Asterisks denote Bc
D D CH,Cly, 85% D D 70% D labelling.
D™ D D~ D D" 3 D
H H Ho 21
NO, 1,8-Diazabicyclo[5.4.0]- NO, H-cube® hydrogen NH,
19 o 20 undec-7-ene, CHjl, reactor, Pd/C (10%),
COONa acetone, 90% MeOH, 89%
NaOD/D,0, D -
89% D b
- > OH O\ 0\
D h D 27
H D,0, HCI,

Ha

NH,
2 MW-irradiation, 1y p HBr, Aliquat-336°, D
90% 73%
Scheme 5 Synthesis of labelled phenylpyruvate 2. Asterisks denote e labelling.
H H
O\

A more selective deuteration pattern can be acHievk
required, as shown in scheme 7. Methylation oftdephenof’ 29 30
and subsequent reduction of the nitro group yielotkeshisidine
28, which showed no reactivity in the deuteratiorpsteeta to
the amino group 28 — 29).2! Demethylation using HBr in
presence of a phase transfer catalyst (Aliqua2B3gave
selectively deuterated aminopher®6l?? This sequence, which Conclusions
was verified using unlabelled 4-nitrophenol as artstg

Scheme 7 Synthesis of selectively deuterated aminophenol 30.

An efficient synthetic concept is presented to asckbelled

material, increases the number of reactions in rihge to metabolic brecursor compounds of phenvlalanine mrgbine
prepare  sodium  3,3-dideuterio([3:%,]2,6-dideuterio-4- Ic precu pou pheny Ine trs|
based on the low-cost isotope sour¢&s-acetone and f.

hydroxyphenyl) pyruvate3 by two steps, but represents an
effective approach to avoid partial deuteration tae °C The routes enable the construction of specificlladgepatterns

. . . in the aromatic side chains with special focus tieraating

labelled aromatic positions in the target compowhdThe ,, "2 1, . 1 . i
. . . . . . _ 12c.13¢.12C ring sequences and isolaté@-'H spin systems in
aromatic a-ketoacids 1-3 display high stability in their an otherwise deuterated chemical surroundin igblective
lyophilized forms as sodium salts, but undergo atiice Wi u ' urrounding. kilg v

. . . . . . aromatic side-chain labelling is thus feasible iell-based
degradation in basic solution in presence of atmesp

oxygen’® NMR spectra of compount+3 in D,0 show mainly overexpression systems without the need of chiabelled
amino acid additives. The resulting isotope arramg@s

the keto forms, whereas in DMSO-6d the enol for
predominate, which is in accordance with literauiaa? rT}acmtate the interpretation of Carr-Purcell-Medo-Gill
' ' (CPMG) based spin-relaxation experim&htsimprove the

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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quality of aromatic proton NOE derived distancetnaats® subsequently cooled to 0°C, which led to produetipitation.
and enable the unambiguous assignment of aromaty rThe solid was filtered off and washed with smalltjpms of
signals even in very large proteins. The precurgmesented cold ethanol. Drying of the product in vacuum gaké7 g
constitute valuable reporters of motional dynaniiceomplex (42%) of sodium nitromalonaldehyde monohydiates a white
molecular processes, such as protein folding, teifpsand solid, which was stored over CaCltH NMR (400 MHz,
enzymatic catalysis. The straightforward and ecdnonDMSO-dg): 9.72 (s, 2H, CHO)¥C NMR (DMSO4dg): 181.20
synthetic protocols shown will further promote teforts to (CHO), 132.38 (C).

turn aromatic residue labelling into a routinelyedsconcept

and complement the techniques of NMR-based analyis[2,6--°C,] 4-Nitrophenol 6: An aqueous NaOH solution (4.4 g
protein dynamics, which traditionally rely on thedrpretation in 20 mL) was slowly added to a mixture of sodium
of spin relaxation residing at the backbone 8 and ?H nitromalonaldehyde monohydrate (3.25 g) and [1,3°C]
methyl bearing side-chairi8. acetone4 (1 g) in HO (200 mL) at 0°C using a dropping
funnel. After the addition was completed, the flagks tightly
closed and stirred for 6 days at 4°C. The resultimgwn
solution was cooled to 0°C and 6 N HCI (26 mL) vetswly
General methods added. Filtration of the solution resulted in akdsolid, which
All solvents were distilled prior to use. Anhydrougvas taken up in 6 N HCI (26 mL) and boiled genily 10
tetrahydrofuran and dimethylformamide were purctagem minutes. The warm mixture was filtered and the temnbined
commercial suppliers. Dichloromethane was driedehytion filtrates were extracted with diethyl ether (6 x01@nL).
over an aluminium oxide column. Isotope labelledgents Subsequent drying of the combined organic phasesMgSQ
were purchased from Sigma-Aldrich ISOTEC with thand evaporation of the diethyl ether under redupesssure
following purity grades: [1,33C,] acetone (9994°C), [2-1°C] Yielded a yellow solid. The crude product was pedfover a
acetone (99% 13(3) and DO (99.9% ZH), Column silica gel chromatography column by elution withxaee /
chromatography was performed using silica gel 640 ethyl acetate (6:4 v/v). The reaction yielded 1g4{63%) of
0.063 um, 240-400 mesh) from Merck. Thin layd2.6-"°C;] 4-nitrophenol6. '"H NMR (400 MHz, CDCJ): 8.18
chromatography (TLC) was done on precoated silied dd,J= 8.7 Hz, 2H, CHy), 6.90 (ddJ = 8.7 Hz,J = 159.7 Hz,
(Merck 60 Bsy) glass plates. TLC detection was carried 0@H, “*CHarom), 5.64 (t,J = 4.8 Hz, 1H, OH);*C NMR (100.6
using a UVAC-60 neolab ultraviolet lamp, an iodicteamber, MHz, CDCk): 116.10 {°CH). HRMS (ESI): calcd. for

Experimental section

or by application of a Mo-Ce(SH complex solution (48 g Ca**CoHgNO; [M + H]* 142.0415; found 142.0430.

(NHy)eM0;054.4 H,O and 2 g Ce(S£, in 100 mL 10%

H,S0,). NMR spectra were recorded on a Bruker AVANCES-([2,6-°C;] 4-Nitrophenoxy)-1-phenyl-1H-tetrazole 7: A

DPX 400 spectrometer at 400 MHz. Chemical shifts given
in parts per million (ppm). NMR solvent signals kabeen
calibrated to the following ppm values: 2.5 (DMS@)64.79
(D,0), 7.26 (CDCJ) and 3.31 (CBOD). NMR signal
multiplicity is abbreviated as singlet (s), doub{d}, multiplet
(m), doublet of doublets (dd), doublet of multiglddm) etc.
Mass spectrometry (MS) and high resolution masstspmetry
(HRMS) experiments were done using electron iompafEl,

70 eV) or electrospray ionization (ESI, 3 keV). @ooous-
flow hydrogenations were performed in an H-Clbeactor
from ThalesNan®. Microwave reactions were conducted in
Biotage Initiato microwave synthesizer.

Sodium nitromalonaldehyde monohydrate 5:Sodium nitrite
(30 g) was dissolved in water (30 mL) using a thneeked
round bottomed flask, equipped with a thermometeatopping
funnel and a tube to drain the evolved gases. Tikeure was
slightly warmed to dissolve all of the NaBbQA solution of
mucobromic acid (30 g) in ethanol (30 mL) was skpwatded
during a period of 1 h. After additional stirringrf15 minutes,
the reaction mixture was cooled to 0°C and the ipitate
filtered off. The resulting solid was transferrettoi a round
bottomed flask and stirred under reflux with etHaf&® mL)
and water (10 mL). The hot solution was filtered #me filtrate

This journal is © The Royal Society of Chemistry 2012

solution of [2,6%C,] 4-nitrophenol 6 (1.4 g) in dry
dimethylformamide (18.4 mL) was stirred at room pemature,
while potassiumtert-butoxide (1.31 g) was added within £
minutes in small aliquots under a constant strednargon.
After 1 h of vigorous stirring under argon atmosghea
solution of 5-chloro-1-phenylH-tetrazole (1.9 g) in dry
dimethylformamide (8 mL) was added and the reaatidxture
stirred for further 3 h. The solution was warmed6é&fC and
stirring continued over-night. Precipitation of theide product
was induced by pouring the mixture on ice watelO(fr.) and
gompleted at 4°C for 12 h. The resulting precipgitatas
separated by filtration and washed with small poidi of ice
water. The reaction yielded 2.3 g of a crude produbich was
further purified using column chromatography. Euatiwith
hexane / ethyl acetate (8:2) gave 5-([£®,] 4-nitrophenoxy)-
1-phenyldH-tetrazole7 (2.07 g, 74%) as a white solidH
NMR (400 MHz, CDC})): 8.35 (d,J = 9.3 Hz, 2H, Chom),
7.76 (dd,J = 8.2 Hz,J = 1.7 Hz, 2H, Clgeny), 7.67-7.54 (m, 3
H, CHyheny), 7.69 (dmJ = 164.6 Hz, 2H*CH_om); *C NMR
(100.6 MHz, CDCJ): 130.34 (CH), 122.90 (CH), 120.29
(**CH), 116.06 (CH); MS (EI): calcd. for 1€3C,HgNsO3 [M]
285.08; found 284.9.

[3,5-1%C,] Aniline 8: Palladium on charcoal (10%, 1.04 g) was
added to a solution of 5-([28C;] 4-nitrophenoxy)-1-phenyl-

J. Name., 2012, 00, 1-3 | 5
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1H-tetrazole7 (1.04 g) in dry toluene (150 mL) in a thickh of stirring at 0°C, the reaction mixture was hybuto pH 7
walled hydrogenation flask. The flask was mounted a by addition of saturated aqueous ,N@;. The resulting
hydrogenation Parr-apparatus and a pressure of r4oba solution was slowly added to potassium tetracyasiatate
hydrogen was applied. After 12 h of agitation, ginessure was hydrate (1.06 g) in NK/ NH,CI buffer (60 mL, pH = 10).

released, the flask flushed with argon and the kblsalid

palladium catalyst separated from the solutionilgafion. The
catalyst was washed with toluene (30 mL) and thekined
filtrates poured on a 0.5 N NaOH solution (150 mAfter

separation of the two layers, the agueous phaseewtascted
with toluene (3 x 100 mL). The combined organic ggs®were
then extracted using 0.5 N HCI (3 x 100 mL). Adufiti of
concentrated HCI (0.5 mL) to the combined aqueocuases
was followed by concentrating the volume of theuhisg

solution by half under reduced pressure at 50°GOMI{1N)

was added until the solution showed a pH of ~1@ ptoduct
was extracted from the solution with dichlorometng& x 100
mL). Drying of the combined organic phases over Kdg&nd
subsequent careful evaporation of the solvents urettuced

pressure (>100 mbar) gave 394 mg of a product[3/5-2C,] 2,4,6-trideuteriobenzonitrilel0 (380 mg)

dichloromethane mixture which was used for
conversion. The reaction yield was determined hbggrating
the corresponding NMR signals to be 338 mg (97'¢)NMR

(400 MHz, CDC}): 7.16 (dddJ = 8.4 Hz,J= 7.4 Hz,J= 156.7
Hz, 2H, **CH,rom), 6.80-6.62 (m, 3H, Ckbm), 3.63 (bs, 2H,
NH,); 1*C NMR (100.6 MHz, CDG): 129.69 {°CH); MS (EI):

calcd. for G**C,H;N [M] 95.06; found 94.9.

[3,5-°C,] 2,4,6-Trideuterioaniline 9: A microwave vessel
(0.5-2 mL) was charged with [3)8C,] aniline 8 (338 mg),
D,O (1.5 mL) and 10 drops of HG},.. After the vessel had
been irradiated for 10 minutes (150°C), the solventere
evaporated and the residue was again dissolved, @.5
mL). The vessel was tightly closed and again iatatl for 10
minutes (150°C). The procedure of evaporation, taudiof
D,O (1.5 mL) and application of microwave irradiatioras
performed two more times. The solution was therught to
neutral pH by addition of 1IN NaOH and the produdracted
with diethyl ether (3 x 60 mL). Drying of the orgarphases

Stirring was continued for 15 min. at 60°C. Theusion was
then filtered and the solid residue washed withlsatigjuots of
water. The combined filtrates were extracted witkthd/l ether
(4 x 100 mL) and the combined organic phases doeer
MgSQ,. Evaporation of the solvents under reduced pressur
gave a crude product, which was further purified dob-to-
bulb distillation (30 mbar; up to 120°C) to yiel®,5-°C,]
2.,4,6-trideuteriobenzonitrildl0 (387 mg, 84%) as a slightly
yellow liquid. *"H NMR (400 MHz, CDCJ): 7.47 (dd,J = 8.1
Hz, J = 164.0 Hz, 2H,*CHa0om); ¥*C NMR (100.6 MHz,
CDCly): 129.29 £C); MS (EI): calcd. for €°C,H,D3N [M]
108.07; found 108.0.

[3,5-2%C,] 2,4,6-Trideuteriobenzaldehyde 11:A solution of
in dry

furthetichloromethane (30 mL) was set under argon atnergpand

cooled to -78°C. After the addition of diisobutyladinium
hydride (1M in dichloromethane, 3.9 mL) was accasi@d
using a syringe, the mixture was allowed to warm-46°C
during a period of 2 h. The reaction was quenchedddlition
of silica gel (5.4 g) and water (3 mL) in small fions.
Subsequently, the mixture was stirred at 0°C foh.1The
solution was transferred into an Erlenmayer flas& a spatula
of K,CO; was added. After drying over Mgg2Qhe solids were
separated off by filtration and rinsed with ethyletate (150
mL). Evaporation of the organic solvents under oedu
pressure gave a crude product, which was purifegdgubulb-
to-bulb distillation (20 mbar; up to 110°C). Theacton
yielded [3,5*°C,] 2,4,6-trideuteriobenzaldehydel (332 mg;
86 %) as a colorless liquitH NMR (400 MHz, CDCJ): 10.04
(s, 1H, CHO), 7.54 (ddJ = 7.8 Hz,J 162.5 Hz, 2H,
BCHarom); *C NMR (100.6 MHz, CDG)): 129.17 ¥°C); MS
(El): caled. for G*C,H3D50 [M] 111.07; found 111.0.

over MgSQ and careful evaporation of the solvents undér([3,5°C;] 2,4,6-Trideuteriobenzylidene)hydantoin 12:A

reduced pressure gave 280 mg of a dark crude prodbe solution of [3,5¥°C,] 2,4,6-trideuteriobenzaldehyd#l (225

same reaction procedure was applied to 250 mg ef thng), hydantoin (300 mg) and ammonium acetate (285 was
substrate, which gave 230 mg of the crude prodddie two stirred in acetic acid (0.7 mL) using a round boiéal flask,
batches were combined and purified using bulb tdb buequipped with a short reflux condenser. The mixtuas heated
distillation (50 mbar; up to 120°C), which yield¢8,5-'°C;] to 120°C for 4 h. The hot solution was cooled iniea bath,
2,4,6-trideuterioanilined (430 mg, 71%) as a light yellowleading to the precipitation of a yellow solid, whi was
liquid. 'H-NMR spectroscopy analysis showed quantitativeeparated off by filtration. Drying in vacuo yiethé-([3,5-

deuterium incorporation at positions 2,4 andt6.NMR (400
MHz, CDCk): 7.15 (dd,J = 8.5 Hz,J = 158.3 Hz, 2H,
BCHarom), 3.62 (bs, 2H, Nb); *C NMR (100.6 MHz, CDG)):

129.46 tC); MS (EI): calcd. for G°C,H4DsN [M] 98.08;

found 98.0.

[3,5-°C,] 2,4,6-Trideuteriobenzonitrile 10: A solution of
sodium nitrite (380 mg) in water (25 mL) was slovalgded to a
stirred mixture of [3,5°C,] 2,4,6-trideuterioanilin® (420 mg)
in HCI (0.4%, 160 mL) at 0°C using a dropping fuhridter 2

6 | J. Name., 2012, 00, 1-3

13c,] 2.,4,6-trideuteriobenzylidene)hydantoii2 (488 mg,
849%).'H NMR (400 MHz, CROD): 7.42 (ddJ = 7.9 Hz,J =
160.4 Hz, 2H,"*CHgyom), 6.57 (s, 1H, CH)*C NMR (100.6
MHz, CD;OD): 128.77 ¥C); MS (EI): calcd. for
Cs'C,H5D3N,0, [M] 193.08; found 193.1.

Sodium  3,3-dideuterio([3,53°C,] 2,4,6-trideuteriophenyl)
pyruvate 1: A two necked round bottomed flask, equippec
with a reflux condenser, was loaded with 5-([3°6,] 2,4,6-
trideuteriobenzylidene)hydantoih2 (217 mg) and set under

This journal is © The Royal Society of Chemistry 2012
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argon atmosphere. Addition of NaOD in,@ (20%, 6 mL,

Organic & Biomolecular Chemistry

vacuo and the residual black solid purified ovdicai gel

prepared by slow addition of Na to,@) was accomplished viacolumn chromatography using ethyl acetate as thenél The

syringe and the mixture stirred at 100°C for 5 Isoukfter
allowing the mixture to reach room temperature, sbh&ition
was extracted with diethyl ether (2 x 20 mL). Thgu@ous
phase was brought to pH < 1 by slow addition of &iglat
0°C. This mixture was then extracted with diethiylez (5 x 30
mL) and the combined organic phases were dried B\MgSO;.
The solvent was removed in vacuo yielding a whakds To

reaction yielded [1°C] 2,3,5,6-tetradeuterio-4-aminopherd
(766 mg, 75%) as a light brown solid. NMR spectogsc
revealed quantitative deuteration at positions @ énand a
deuteration grade of >95% in position 3 andt5.NMR (400
MHz, DMSO-g): 8.29 (s, 1H, OH), 6.46 (d,= 3.0 Hz, 0.07 H,
residualo-CHarom), 4.34 (s, 2H, NB); 3C NMR (100.6 MHz,
DMSO-dg): 148.48 t°C), 140.86 (d,J = 8.9 Hz, CNH), 115.63

this residue BO (30 mL) was added and the pH set to 7 Hgt,J=62.0 HzJ = 26.2 Hz,0-CH,,om), 115.29 (tJ = 23.0 Hz,

careful addition of 1M NaOD. Lyophilization overtigyielded
sodium  3,3-dideuterio([3,5°C;]

M-CHarom); HRMS (ESI): calcd. for €°CH,D,NO [M + H]*

2,4,6-trideuteriophenyl) 115.0891; found 115.0884.

pyruvatel (176 mg, 82%) as a white powder. NMR analysis

showed residualH at G (< 5%).H NMR (400 MHz, BO):

5-([1-'°C]-2,3,5,6-Tetradeuterio-4-aminophenoxy)-1-phenyl-

7.45 (dd,J = 8.1 Hz,J = 160.9 Hz, 2H,13CHarom), 4.12 (s, 0.06 1H-tetrazole 17: A three necked round bottomed flask was

H, residual CH); *C NMR (100.6 MHz, DO): 129.05 ¥C);
HRMS (ESI): calcd. for €3C,H,DsO5 [M — NaJ 170.0777;
found 170.0781.

charged with [1}*C] 2,3,5,6-tetradeuterio-4-aminophen6
(760 mg). Potassiurtert. butoxide (1.1 g) was loaded in a
slightly-bent round bottomed flask attached to neek and the
apparatus set under argon atmosphere. The addifiodry

[1-2C] 4-Nitrophenol 14: The synthesis was performeddMF (18 mL) was conducted via syringe through asepand

according to the preparation of [2&,] 4-nitrophenol6 using
[2-3C] acetone as reagent. Purification of the raw pecodsing
column chromatography eluting with hexane / etlogtate (6:4

the KOBu was slowly added within 15 min. The mixture was
then stirred for 90 min. before a solution of 5erbl1-phenyl-
1H-tetrazol (1.27 g in 6 mL dry DMF) was added viaisge.

v/Iv) yielded [1°C] 4-nitrophenoll4 (1.28 g, 54%) as a yellow Stirring was continued at room temperature for heo®0 min.
solid. *H NMR (400 MHz, DMSOe): 6 = 11.02 (s, 1 H), 8.12 The reaction was quenched by pouring the mixturicemwater

(dd,J = 9.2 Hz,J = 9.2 Hz, 2HM-CHyrom), 6.93 (dd,J = 9.2
Hz,J = 2.1 Hz, 2H0-CHaom), -°C NMR (100.6 MHz, DMSO-
do): 164.37 £3C), 126.65 f-CHgrom), 116.24 (d,J = 63.0 Hz,
0-CHarom); HRMS (ESI): calcd. for €3CH,NO; [M — HJ

139.0225; found 139.0234.

[1-*C] 4-Aminophenol 15:[1-'*C] 4-Nitrophenol14 (1.28 g)
was dissolved in MeOH (90 mL). This solution wasidocted
over a Pd/C (10%) catalyst cartridge in a contirsaffow
hydrogen reactor (H-cube® — Thalesnano) at a flate-iof 1
mL / min and room temperature. The hydrogen geoenabs
set to full hydrogen mode. Evaporation of methanober
reduced pressure gave [¥G] 4-aminophenoll5 (986 mg,
98%).*H NMR (400 MHz, DMSOdg): 8.30 (d,J = 2.1 Hz, 1H,
OH), 6.47 (ddJ = 8.8 Hz,J = 8.8 Hz, 2H,0-CHgom), 6.42 (dd,
J=8.8 Hz,J = 2.1 Hz, 2HM-CHyom), 4.36 (s, 2H, Nk); *C
NMR (100.6 MHz, DMSQdg): 148.68 t°C), 141.12 (d,J = 8.8
Hz, CNH,), 115.97 (d,J = 66.0 Hz,0-CHgny), 115.69 (-
CHarom); HRMS (ESI): calcd. for €°CHNO [M + H]
111.0639; found 111.0636.

[1-2C] 2,3,5,6-Tetradeuterio-4-aminophenol 16]1-*C] 4-

(150 mL). The precipitated solid was filtered offdadissolved
again in dichloromethane (200 mL). This solutionsweashed
with water until the aqueous phase remained cdsrldhe
organic phase was dried over MgS#&nd the solvents removec
under reduced pressure to yield 54f€]-2,3,5,6-tetradeuterio-
4-aminophenoxy)-1-phenyllH-tetrazole17 (1.48 g, 84%).H
NMR (400 MHz, DMSO€g): 7.85-7.80 (m, 2H, Chleny),
7.69-7.56 (m, 3H, Cpleny), 7.11 (d,J = 4.6 Hz, 0.08 H,
residual CHyom), 5.17 (s, 2H, NB); *C NMR (100.6 MHz,
DMSO-dg): 161.60, 155.68, 154.78, 147.62 (= 10.2 Hz),
144.35 £3C), 133.14, 130.28 (CH), 130.14 (CH), 123.55 (CH)
HRMS (ESI): calcd. for G*¥CHgD,NsO [M + H]' 259.1327;
found 259.1326.

[4-1*C] 2,3,5,6-Tetradeuterioaniline 18: 5-([1-1*C]-2,3,5,6-
Tetradeuterio-4-aminophenoxy)-1-pheri-tetrazolel7 (1.48
g) was dissolved in a mixture of methanol (350 ndnd
toluene (40 mL) and conducted over a Pd/C (10%Y)idge at
a pressure of 10 bar and a flow rate of 1 mL/mising a
continuous-flow hydrogen reactor (H-cube® — Thatery).
After the solvents have been removed at reduceskpre, the
residue was taken up in 0.5 M NaOH (200 mL) and thz

Aminophenol15 (980 mg) was heated to 180°C, together wittesulting basic solution extracted with diethyletfex 50 mL).
D,O (10 mL) and HGL.. (125 pL) using a microwave reactorThe combined organic phases were extracted withvD13ClI
The microwave vessel was purged with argon befdre t(4 x 50 mL) and the acidic solutions pooled andttedluced to

reaction was started. After 2.5 h, the reaction tunx was
allowed to cool to room temperature, transferredatoound
bottomed flask and the solvents were evaporatedaicuo.

half of their volume under reduced pressure aftiditon of
HCI conc. (1 mL). Addition of 1M NaOH set the pH12 and
the resulting solution was extracted with dichlosthane (4 x

After addition of fresh DO (10 mL), the mixture was again50 mL). Drying of the combined organic phases dgSO,
transferred to a microwave vessel and irradiatias wontinued and subsequent careful evaporation of the solventeduced

for another 5.5 h at 180°C. The solvents were tleemoved in

This journal is © The Royal Society of Chemistry 2012

pressure (>200 mbar) gave JG] 2,3,5,6-tetradeuterioaniline
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18 in residual dichloromethane, which was used witorther
purification. NMR signal integration revealed algief 490 mg
(86%). *H NMR (400 MHz, DMSOdg): 6.99 (d,J = 7.5 Hz,
0.08 H, residuain-CHarom), 6.47 (d,J = 159.8 Hz, 1HCH),

4.96 (s, 2H);*C NMR (100.6 Hz, DMSQd): 116.23 £C);

HRMS (ESI): calcd. for €3CH,D,N [M + H]* 99.0941; found
99.0940.

[4-2C] 2,3,5,6-Tetradeuteriobenzonitrile 19: The synthesis
was conducted similar to the conversion of compou@do
[3,5-°C,] 2,4,6-trideuteriobenzonitrild 0. Purification of the
crude product using bulb-to-bulb distillation gayé-'°C]
2,3,5,6-tetradeuteriobenzonitrild9 (390 mg,
colourless liquid.'H NMR (400 MHz, CDCJ): 7.61 (d,J =

[2,6-°C;] 4-nitrophenol6 (1.4 g) as a substrate. The reaction

yielded [2,6°C;] 4-aminophenoR2 (985 mg, 90%) as a brown

solid. *H NMR (400 MHz, DMSO#d): 8.29 (t,J = 4.1 Hz, 1H,
OH), 6.45 (dmJ = 153.2 Hz, 2H™CHaom), 6.41 (d,J = 8.6
Hz, 2H, CHyom), 4.35 (s, 2H, NH); *C NMR (100.6 MHz,
DMSO-dg): 116.00 °C); HRMS (ESI): calcd. for £3C,HgNO
[M + H]* 112.0673; found 112.0668.

[2,6-2C,] 3,5-Dideuterio-4-aminophenol 23:[2,6-3C,] 4-
Aminophenol22 (460 mg) was treated with,D (4.6 mL) and
HCI cone. (67 pL) at 180°C for 37 min. in a microwave reacto
The solvents were removed in vacuo and the resitladk

75%) as asolid dissolved in methanol (10 mL). Evaporatiorthaf solvent

gave [2,61°C,] 3,5-dideuterio-4-aminophenoR3 (464 mg,

161.5 Hz, 1H,13CHarom), 7.47 (d,J = 7.8 Hz, 0.08 H, residual 99%) as a dark solid. NMR spectroscopy showed #&edation

M-CHarom): °C NMR (100.6 MHz, CDG): 132.53 °C);
HRMS (El): calcd. for G°CHD,N [M] 108.0707; found
108.0697.

[4-C] 2,3,5,6-Tetradeuteriobenzaldehyde 20compound20
was synthesized according to the procedure destifilrethe
preparation of [3,83C,] 2,4,6-trideuteriobenzaldehydd. The
reaction yielded [4%C] 2,3,5,6-tetradeuteriobenzaldehy6
(290 mg, 85%) as a light yellow liquidH NMR (400 MHz,
CDCly): 10.04 (s, 1H, CHO), 7.63 (d] = 160.0 Hz, 1H,
BCHarom), 7.54 (d,J = 7.5 Hz, 0.08 H, residuaht-CH,om); °C
NMR (100.6 MHz, CDGJ)): 134.22 £%C); MS (EI): calcd. for
Ce'°CH,D,O [M] 111.08; found 111.1.

5-([4-1°C] 2,3,5,6-Tetradeuteriobenzylidene)hydantoin 21:

grade of 92% in position 3 and 5 whereas positidrend 6
revealed a deuteration grade of 23%d. NMR (400 MHz,
DMSO-dg): 8.65 (s, 1H, OH), 6.60-6.56 (m, 0.17 H, resicmal
CHarom), 6.55 (dm,J = 156.2 Hz, 1.55 H*CH,om), 6.08 (bs,
2H, NH,); ®*C NMR (100.6 MHz, DMSQCdg): 115.92 £C);
MS (EI): calcd. for G*C,HsD,NO [M] 113.07; found 113.1.

[3,5-1%C,] 2,6-Dideuteriohydroxybenzonitrile 24: A solution
of sodium nitrite (796 mg) in water (50 mL) waswlp added
to a stirred mixture of [2,6%C;] 3,5-dideuterio-4-aminophenol
23 (900 mg) in HCI (0.4%; 325 mL) at 0°C using a drioyg
funnel. After 2 h of stirring at 0°C, the solutisras brought to
pH 7 by addition of saturated aqueous,B@;. The resulting
mixture was slowly added to a stirred solution oftgssium
tetracyanonickelate in NH NH,CI buffer (112 mL, pH = 10).
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Preparation of compoun®l was accomplished similar to theStirring was continued for 15 min. at 60°C. Theusion was
preparation of 5-([3,3%C,] 2,4,6- filtered and the solid residue washed with smailfjuadts of
trideuteriobenzylidene)hydantoit? yielding 363 mg (70%) of water. The filtrates were extracted with ethyl atet(6 x 70
the target compound as a slightly green sdiit.NMR (400 mL) and the combined organic phases dried over MyS(,
MHz, DMSO-dg): 11.12 (bs, 1H, NH), 10.59 (bs, 1H, NH), 7.3Evaporation of the solvents under reduced presgawe 915

(d, 3 = 160.5 Hz, 1H¥CHyeom), 7.40 (d,J = 7.3 Hz, 0.1 H,
residualm-CHyrom), 6.41 (s, 1H, CH)*¥*C NMR (100.6 MHz,
DMSO-dg): 166.12 (CO), 156.28 (CO), 128.5%q), 108.57
(CH); HRMS (ESI): calcd. for §°CHsD,N,O, [M + H]*
194.0949; found 194.0938.

Sodium 3,3-dideuterio([4°C] 2,3,5,6-tetradeuteriophenyl)
pyruvate 2: The synthesis of compoun?a was performed
according to the preparation of sodium 3,3-dideotEs,5-
13¢c,] 2,4,6-trideuteriophenyl)pyruvaté , but using 5-([45C]
2,3,5,6-tetradeuteriobenzylidene)hydantdidh (85 mg) as a
substrate. The reaction yielded sodium 3,3-didé({dr*C]
2,3,5,6-tetradeuteriophenyl)pyruvat2 (76 g, 89%) as a
colourless lyophilisate. NMR analysis showed reaidd at G
(< 6%)."H NMR (400 MHz, BO): 7.40 (d,J = 160.9 Hz, 1H,
BCHarom), 4.13 (s, 0.11 H, residuah-CHgom); **C NMR
(100.6 MHz, DMSOdg): 127.48 £C); HRMS (ESI): calcd. for
Cs'®*CHDgO; [M - Na]* 170.0805; found 170.0803.

mg of a brown solid, which was purified using colum
chromatography (eluent: hexane / ethyl acetate. 713)e
reaction yielded 850 mg (87%) of [3&] 2,6-
dideuteriohydroxybenzonitril®4 as a yellow solid’H NMR
(400 MHz, DMSO#dg): 10.58 (s, 1H, OH); 7.65-7.61 (m, 0.14
H, residual 0-CHanm); 6.89 (dm,J 162.0 Hz, 1.44 H,
BCHarom); °C NMR (100.6 MHz, DMSQdg): 116.53 £C);
HRMS (ESI): calcd. for €°C,H;D,NO [M + H]" 123.0564;
found 123.0559.

[3,5-%C,] 2,6-Dideuteriohydroxybenzaldehyde 25: A
solution of [3,5¥°C;] 2,6-dideuteriohydroxybenzonitril24 in
dry dichloromethane (150 mL) was set under argoraphere
and cooled to -78°C. After the addition of diisgdatuminium
hydride (11.4 mL, 1M in dichloromethane) was accbsmed
using a syringe, the mixture was allowed to warm-46°C
during a period of 2 h. The reaction was quenchedddlition
of silica gel (5 g) and water (3 mL) in small ports and the
resulting mixture was stirred at 0°C for 1 h; théme solution

[2,6-3*C;] 4-Aminophenol 22: The reaction was performedwas transferred into an Erlenmeyer flask and a uspaof
analogously to the synthesis of [15] 4-aminophenol5 using K,CO; was added. After drying over Mg$Othe solid was
g9 y Yy p g K2 ying g
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separated off by filtration and rinsed with dicldorethane until
no more product was washed out of the silica g®lgS50,

mixture (control of TLC spots under UV light). Evaption of
the combined organic phases under reduced pregavee504
mg (90%) of [3,5°C,] 2,6-dideuteriohydroxybenzaldehy@s

as a yellow solid!H NMR (400 MHz, DMSOdg): 10.57 (s,
1H, OH), 9.79 (s, 1H, CHO), 7.78-7.73 (m, 0.15 ekidualo-

CHarom), 6.92 (dmJ = 160.8 Hz, 1.55 H*CHgom); °C NMR

(100.6 MHz, DMSO#d,): 115.69 t°C); HRMS (EI): calcd. for
Cs'°C,H,4D,0, [M] 126.0555; found 126.0549.

5-([3,5-13C,]2,6-Dideuterio-4-hydroxybenzylidene)

hydantoin ~ 26: The reagents [3,8C,)] 2,6-

Organic & Biomolecular Chemistry

4-nitrophenol (700 mg) in acetone (25 mL). The tieac
mixture was stirred at room temperature for 10 niafore
iodomethane (934 pL) was added drop-wise. Afterisg the
reaction mixture for 4 h, TLC still showed remaigistarting
material. Therefore, additional DBU (750 pL) andamethane
(310 pL) were added and stirring continued for 1Tine
solvents were then removed under reduced pressutethe
residue dissolved in ethyl acetate (100 mL). Tiokition was
washed with 1 N HCI (10 mL), water (10 mL), a sated
solution of sodium thiosulfate (10 mL) and brined (inL).
Drying of the organic phase over Mg$Séand evaporation of the
solvents yielded 4-nitroanisol27 (686 mg, 90%).H NMR
(400 MHz, CDC}): 8.21 (dm,J = 9.3 Hz, 2HmM-CHgrn), 6.96

dideuteriohydroxybenzaldehyd2s (474 mg), hydantoin (423 (dm, J = 9.3 Hz, 2H,0-CH,om), 3.91 (s, 3H, CH); *C NMR

mg) and piperidine (575 mg) were stirred in a 10round

bottomed flask, equipped with a reflux condenset3°C for
30 min. Addition of warm water (8 mL) was followeay

homogenization of the resulting mixture in an wdtmaication
bath. Precipitation of a solid was induced by agdHCl .onc.

(0.5 mL). The crude product was separated by fitraand
recrystallized from methanol, vyielding 5-([3\&,] 2,6-

dideuterio-4-hydroxybenzylidene)hydantd®e (742 mg, 74%)
as a yellow solid!H NMR (400 MHz, DMSOdg): 11.09 (s,
1H, NH), 10.30 (s, 1H, NH), 9.83 (s, 1H, OH), #B@3 (m,
0.12 H, residual Ckm), 6.78 (dm,J = 159.2 Hz, 1.47 H,
BCHarom), 6.35 (s, 1H, CH)¥*C NMR (100.6 Hz, DMSGd):

116.07 t°C); HRMS (El): calcd. for gPC,HgD,N,O5

208.0722; found 208.0716.

Sodium 3,3-dideuterio([3,5*°C,] 2,6-dideuterio-4-hydroxy

(100.6 Hz, CDQJ): 164.59 (Grom), 125.92 (CHiom), 114.02
(CHgarom), 55.95 (CH). 4-nitroanisole 27 (546 mg) was
dissolved in MeOH (40 mL) and conducted over a Pd/0o)
catalyst cartridge in a continuous-flow hydrogemacter (H-
cube® — Thalesnano) at a flow-rate of 1 mL/min andm
temperature. The hydrogen generator was set tchjudtogen
mode. Evaporation of methanol under reduced pressave p-
anisidine28 (392 mg, 89%)H NMR (400 MHz, DMSOd):
6.74 (dm,J = 8.9 Hz, 2HM-CHg/qp), 6.65 (dmJ = 8.9 Hz, 2H,
0-CHarom), 3.75 (s, 3H, CH), 4.41 (bs, 2H, Nb; *C NMR
(100.6 Hz, DMSOdg): 152.87 (Grom)s 139.94 (GomNH2),
116.42 (CHiom), 114.85 (CHom), 55.76 (CH). A microwave
vessel was charged with anisidig® (272 mg), DO (2.5 mL)

and HCl e (50 pL) and heated in the microwave reactor &t

180°C for 40 min. After the solvents had been reesbunder
reduced pressure, the residue was dissolved inamelth10

phenyl) pyruvate 3: A 10 mL round bottomed three-neckednL) and concentrated again to yield 2,6-dideuterianisidine
flask was charged with 5-(3BC,] 2,6-dideuterio-4- 29 (245 mg, 90%)H NMR (400 MHz, DMSO#dy): 6.73 (s, 2
hydroxybenzylidene)hydantoi#6 (50 mg) and set under argorH, CHaom), 6.37 (bs, 2H, Nb), 3.65 (s, 3H, Ch); 1°C NMR
atmosphere. A solution of NaOD in,O (20%, 4 mL) was (100.6 Hz, DMSOdg): 153.14 (Grom), 138.15 (GromNH>),

degassed under argon by ultrasonication and addesyringe.
Throughout the reaction a constant stream of avgas purged
through the reaction mixture via a syringe needleptevent
oxidative degradation of the product. The mixtusvgtirred at
110°C for 4 h. After the reaction was allowed twlcw room
temperature, the mixture was extracted with diettihdr (2 x
20 mL). Subsequent addition of HGL (2.5 mL) to the
aqueous phase was followed by extraction with giether (5
x 30 mL). The organic phases were combined andl drieer

114.95 (CHiom), 55.81 (CH). HRMS (El): GH,OND,
125.0804; found 125.0803. 2,6-Dideuterio-p-anistd® (96
mg) was treated with HBr (47%, 620 mL) and Aliq3a6° (16
mg) at 105°C for 6 h. The reaction was quencheddalition of
water (5 mL) and the resulting solution extractedhwethyl
acetate (50 mL). After the aqueous phase was btaaghpH >
12 by addition of 1M NaOH, the mixture was extracteith
ethyl acetate (3 x 50 mL). The organic phases tiegufrom
the second extraction were combined, washed witteny@x

MgSQO,. Evaporation of the solvents under reduced press@0 mL) and dried over MgSOThe crude product was purified
gave a white solid to which J®» was added (10 mL) and theover a short silica-gel column using ethyl acetst@an eluent to

resulting solution was brought to pH 7 by slow &ddi of

NaOD (1N). Lyophilization yielded sodium 3,3-diderio([3,5-

13¢c,] 2,6-dideuterio-4-hydroxyphenyl)pyruvaBe(44 mg, 88%)
as a yellow solid. NMR analysis showed residtilat G (<

4%).'H NMR (400 MHz, BO): 6.83 (dmJ = 163.9 Hz, 1.5 H,
BCHarom), 3.99 (s, 0.07 H, residual Gkh); °C NMR (100.6
Hz, D,0): 115.69 £3C). HRMS (ESI): calcd. for £3C,H;D40,

[M - Na] 185.0663; found 185.0663.

3,5-Dideuterio-4-aminophenol 30: 1,8-Diazabicyclo[5.4.0]
undec-7-ene (DBU, 750 pL) was added to a stirrddtiso of

This journal is © The Royal Society of Chemistry 2012

yield 3,5-dideuterio-4-aminophendD (63 mg, 73%)'H NMR
(400 MHz, DMSOdg): 8.30 (s, 1H, OH), 6.46 (s, 2Ho-
CHarom), 4.34 (s, 2H, NB); 3C NMR (100.6 Hz, DMSGd):
148.16 (GromOH), 140.52 (GromNH>), 115.07 6-CHarom).
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