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Abstract

A concise synthesis of 2’-deoxyisoguanosine is achieved whereby 2,6-dichloropurine is glycosylated using the
Hoffer sugar to give a pair of beta-configured nucleoside N9/N7 regioisomers that are aminated using
methanolic ammonia with concomitant deprotection of the sugar. Following chromatographic separation,
pure 2-chloro-2’-deoxyadenosine was isolated as a single isomer. Displacement of the C2 chlorine atom using
sodium benzyloxide, followed by hydrogenolysis of the benzyl group, gives 2’-deoxyisoguanosine. Isoguanine
was incorporated into DNA by solid supported synthesis using the suitably protected 2-allyloxy-2’-
deoxyadenosine phosphoramidite with the allyl group being removed post-oligomerisation under Noyori
conditions. DNA melting studies showed isoguanine to exhibit adenine-like triplex formation.
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Introduction

Although not a DNA base, isoguanine (isoG) occurs naturally and various methods have been reported for the
preparation of derivatives' including its riboside,> 2’-deoxyriboside®® and other analogues.!®!! |soguanine
has been widely studied and when incorporated into nucleic acids,*??3 has been shown to form stable base
pair’2428 (Figure 1 left) and triplex motifs?® (Figure 1 middle) as its N1-H tautomer. These experimental
observations are supported by theoretical calculations.”3%31 Strong, Watson-Crick purine-purine base pairing
is one of various defining features of 2’,3’-dideoxyhexose nucleic acid duplexes whereby isoguanine adopts
the N3-H tautomeric form3? (Figure 1 right). In pyranosyl-RNA duplexes, isoguanine adopts either N1-H or N3-
H tautomeric forms.33
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Figure 1. Representative motifs in oligonucleotides where the N1-H tautomer of isoguanine (isoG) is targeted

to isocytosine’ (isoC), to a guanine.cytosine (G.C) base pair?® and as the N3-H tautomer, targeted to guanine®?
(G).

We sought to examine whether isoguanine could exhibit adenine (A)-like triplex formation in its N3-H
tautomeric form when incorporated into DNA, thus extending the triplex-froming capabilities of this intriguing
purine heterocycle (Figure 2 right). To accompany the incorporation of isoguanine into DNA, we considered 2-
benzyloxyadenine (B) and 2-allyloxyadenine (L) as further representations of the adenine hydrogen bonding
pattern (Figure 2 left). At the nucleoside level, hydrogenolysis of the 2-benzyloxy group* would give a concise
route to 2’-deoxyisoguanosine from non-nucleoside precursors. At the DNA level, removal of the 2-allyloxy
group using Noyori conditions®> would give isoguanine?® (Figure 2 right) for the study of its triplex-forming
properties and also allow comparison between A, isoG, B and L.
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Figure 2. Triplex DNA motifs involving adenine (A) and the adenine-like 2-benzyloxyadenine (B), 2-
allyloxyadenine (L) (left) and N3-H tautomer of isoguanine (isoG) (right).
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Results and Discussion

As the starting point for synthesis of the nucleoside intermediate 5,3¢ we selected the well-known and widely
used®2%37-41 Hoffer sugar 2 (2-deoxy-3,5-di-O-(p-toluoyl)-a-D-erythro-pentofuranosyl chloride).*? Recently, we
reported an improved synthesis of the Hoffer sugar that was achieved without need for distillation or
chromatographic separation of intermediates, or the use of gaseous HCL* The sodium salt of 2,6-
dichloropurine (1) was generated, in situ, using NaH in MeCN.*! Addition of Hoffer’s sugar 2*3 to the reaction
mixture afforded the nucleoside regioisomers 3 (N9) and 4 (N7), as a 4:1 mixture (Scheme 1).
Chromatographic separation of the regioisomers 3 and 4 was possible**** but in our hands it proved to be
tricky and time consuming. Thus the mixture of regioisomers 3 and 4 was treated with methanolic ammonia
solution (6 h) with heating (100 °C) to afford 2-chloro-2’-deoxyadenosine isomers 5 and 6 that were readily
separated by flash chromatography (Scheme 1). The analytical and spectroscopic properties of the
regioisomers 5 and 6 were in agreement with the literature values, thus confirming their identities.*> Despite
good regioisomeric control, the isolated yield (14% over two steps) for nucleoside 5 is a drawback. This might
be overcome by using a pre-formed metal salt of 2,6-dichloropurine. For example, glycosylation of the pre-
formed cesium salt of 4(5)-nitroimidazole using the Hoffer sugar (2), gave the corresponding 2’-deoxyriboside
with good regioselectivity but in much better yield (68%).4

Preparation of 2-benzyloxy-2’-deoxyadenosine (7) was achieved by adding nucleoside 5 to solution of
benzylalkoxide that was generated by mixing sodium hydride (50% dispersion in paraffin oil) and benzyl
alcohol with heating (80 °C). Continued heating for 12 h at 85 °C afforded 2-benzyloxy-2’-deoxyadenosine (7)
following chromatographic purification (71%) (Scheme 2). The benzyl group was removed from nucleoside 7
by catalytic hydrogenolysis (6.5 h) to give 2'-deoxyisoguanosine (9) in 53% vield thus providing a concise, four-
step route to 9 from non-nucleoside precursors. Analytical and spectroscopic properties were in agreement
with those repored for 9 made from 2’-deoxyguanosine as nucleoside starting material.?

Cl — ]
Cl
</N l \)N\ N X N.__ClI
— N X
NN ¢ L ¢TI T
1 i N™ “N" ~ci NI
R — 1 | pTolo . p-Tolo L
p-TolO 0 O
o)
p-TolO p-TolO
p-TolO Cl | 3 ]
2 NH,
>N N N.__ClI
¢ 2
ii N /)\C| + <N l/N
- HO HO
o) o NH,
OH HO
5 6

Scheme 1. Reagents and conditions: i, NaH, MeCN, rt, 24 h ; ii, MeOH-NH3 (satd.), 100 °C, 6 h. Product ratios 3
to 4 (80:20), and 5 to 6 (82:18).
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Scheme 2. Reagents and conditions: i, sodium benzylalkoxide, 85 °C, 12 h; ii, sodium allylalkoxide, 88 °C, 12 h;
iii, Hy, Pd-C, MeOH, rt, 6.5 h.

2-Allyloxy-2’-deoxyadenosine (8) was prepared in a similar fashion to the 2-benzyloxy derivative 7 using
allyl alcohol (Scheme 2). Separately, the amino groups in nucleosides 7 and 8 were protected by reaction with
N,N-dimethylacetamide dimethyl acetal in anhydrous methanol (Scheme 3). The volatile reagents were
removed under vacuum and the crude products 10 and 12 used in the next step without further purification.
Separately, the 5'-hydroxyl functions of 10 and 12 were protected using 4,4’ -dimethoxytrityl chloride affording
11 (88%) and 13 (68%) over 2 steps. Phosphitylation at the 3’-hydroxyl functions of 11 and 13 using 2-
cyanoethyl-N, N-diisopropy! chlorophosphoramidite afforded the DNA monomers 14 and 15 as mixtures of
diastereoisomers. Following initial chromatographic purification, the phosphoramidites 14 and 15 were
precipiated, separately, into hexane to remove residual non-phosphoramidite impurity from compound 14
although in the 3P NMR spectrum of compound 15, a trace of impurity persisted (Supplementary Material
s14).
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Scheme 3. Reagents and conditions: i, N,N-dimethylacetamide dimethyl acetal, MeOH, 40 °C, 26 h; ii, DMTCI,
pyridine, rt, 12 h or 110 min ; iii, 2-cyanoethyl-N, N-diisopropyl chlorophosphoramidite, THF, rt, 40 minor 1 h.

Page 4 ©AUTHOR(S)



Arkivoc 2021, part _, 0-0 Walsh, AJ & Fraser, W

The DNA sequences S1 to S7 were prepared by solid supported synthesis on a 1 umol scale using
phosphoramidites including 14 to insert the 2-benzyloxyadenine (B) into S6, and 15 to insert 2-allyloxyadenine
(L) and isoguanine (l) into S4 and S5. Cleavage and deprotection (16 h) using conc. NH3 (aq) at 55 °C afforded
the crude oilgomers that were purified by reversed phase HPLC and analysed by negative ion electrospray
mass spectrometry in weakly basic ammonia solution (Table 1).

Table 1. HPLC retention times and the found and calculated masses of prepared DNA sequences S1 to S7

Entry Sequence® tr/min© Mass Found® Mass Calculated
s1 3'-d(TTTTCTTTTCCCCCCT) 13.8 4698.8 4697.8
S2 5'-d(AAAAGAAAAGGGGGGA) 12.6 5061.4 5058.9
S3 3'-d(AAAAGAAAAGGGGGGA) 12.4 5060.7 5058.9
sS4 3'-d(AAAAGAAIAGGGGGGA)® 12.7 5076.9 5074.9
S5 3'-d(AAAAGAALAGGGGGGA) 12.6 5119.7 5115.0
S6 3'-d(AAAAGAABAGGGGGGA) 14.2 5168.0 5165.0
S7 3'-d(AAAAGAAGAGGGGGGA) 12.7 5075.8 5074.9

2 A = adenine, | = isoguanine, L = 2-benzyloxyadenine, B = 2-allyloxyadenine, G = guanine. ® Removal of the 2-
O-allyl protecting group to give | was achieved post-oligomerisation using Noyori conditions.3> ¢ Gradient
elution 260 nm) using a C18 Reversed Phase Column (250 x 4.6 mm) at a flow rate of 1 mL.min* where solvent
system A was mixed with solvent system B. Solvent system A was composed of 1 M aqueous
triethylammonium acetate (TEAA, 10%) and MeCN (2%) at pH 7.0, and solvent system B was composed of 1 M
aqueous TEAA (10%) and MeCN (80%) at pH 7.0. ¢ The molecular masses and masses of mono-sodium adducts
(not shown) were measured from the deconvoluted mass-to-charge (m/z) ratios of the multiply-charged
anions from electrospray mass spectrometry and were consistently within £0.08% of their calculated values.

The thermal denaturation of the DNA triplexes formed from sequences S3 to S7 targeted to duplex S2.51
is summarised in Table 2. Notable was the sensitivity of the triplex to mismatch where the presence of X =G in
sequence S7 was significantly destabilising to the triplex structure. Triplexes formed from S3 (X = A) and S4 (X
= 1) targeted to S2.51 were identical in stability demonstrating adenine-like triplex formation (Figure 2 left) by
isoguanine, with the likelihood of isoguanine adopting the N3-H tautomer (Figure 2 right). The 2-benzyloxy (B)
and 2-allyloxy (L) derivatives of adenine were accommodated in triplex structures $5*$2.5S1 and S6*S2.51
(Figure 2 left).

Spermine is known to stabilise DNA triplexes and its addition was equally stabilising to both the adenine-
and isoguanine-containing triplexes $3*S2.S1 and S4*S2.S1 (Table 2).

To examine the preferred or dominant modes of tautomerization, we performed semi-empirical (AM1)
calculations on tautomers of N9-methylisoguanine as representative structures. The similarity between the
calculated heats of formation around 53 kcal.mol? suggested that isoguanine exists in more than one stable
tautomer including the N3-H form ascribed to its adenine-like triplex forming behaviour (Figure 2 right) and to
its characteristic duplex-forming behaviour in 2’,3’-dideoxyhexose DNA3? (Figure 1, right).
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Table 2. The thermal stability of triplexes containing X = A compared with X=1,L,Band G

3’ -dTTTTCTTTTCCCCCCT-5" S1
5’ -dAAAAGAAAAGGGGGGA-3'" S2
3" -dAAAAGAAXAGGGGGGA-5" §3-87

Triplex TFOs (53-S7) Tm/°C° Tm/°C

$3*S2.51 X=A 15 +1 59.0 +0.5
$4*S2.51 X=1 15+1 59.0 £0.5
$3*S2.51 X=A 23 +14 59.0 +0.5
$4*52.51 X=1 23+19  59.0+0.5
$5%S2.51 X=L 16 +1 59.0 +0.5
$6*S2.51 X=B 15 +1 59.0 +0.5
§$7*S2.51 X= <5 59.0 +0.5

2 A = adenine, | = isoguanine, L = 2-benzyloxyadenine, B = 2-allyloxyadenine, G = guanine. ® Triplex S3 to

$7*S1.S2 melting temperature. ¢ Duplex S2.S1 melting temperature. ¢ 0.5 mM spermine added. Denaturation
was performed with 1.5 mM of each sequence in 0.1 M NaCl, 0.01 M MgCl,, 25 mM Tris.HC| buffer at pH 7.2 at
detection wavelength 260 nm.

NH, NH, NH, NH
Nf\NH N—"SN N—"SN N NH
¢ ¢ | ¢ | ¢ |
NN ko N N/)\OH N N/&o N Nko
H,C H,C H,c H H,c H
16 53.6 17 53.5 18 51.1 19 56.5

Figure 3. The calculated (AM1) heats of formation AHs (kcal.mol™?) for N9-methylated isoguanine tautomers 16
N1-H, 17 O2-H, 18 N3-H, and 19 6-imino-2-oxo.

Conclusions

We have established a concise synthesis of isoguanine 2’-deoxyriboside from non-nucleoside starting
materials 2,6-dichloropurine 1 and the Hoffer sugar 2. Isoguanine was incorporated into DNA and shown to
participate in adenine-like triplex formation, most likely in its N3-H tautomeric form.

The DNA melting studies and semi-empirical heats of formation calculated for representative N9-
methylated isoguanine tautomers, support the viability of isoguanine as its N3-H tautomer in DNA triplex
formation thus furthering the elucidation of the molecular recognition characteristics of this intriguing purine
heterocycle.
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Experimental Section

General. NMR spectra were recorded on a Bruker AC-250 spectrometer with 'H (250.1 MHz) spectra
referenced to TMS, 3C spectra (62.9 MHz) referenced to CDCl; or (CD3),SO, and 3'P spectra (101.3 MHz)
referenced to 85% H3PO4 (aqg). Mass spectrometric analysis were carried out at EPSRC (Swansea) in El+ or Cl+
mode using a VG Quatro Il or FAB+ mode using a VG AutoSpec instrument or at Aston University in
electrospray ionisation (ES) mode with a Hewlett-Packard HP 5989B MS Engine apparatus using a HP 59987A
API-electrospray LC/MS interface. Electron impact ionisation (El) mass spectra (70eV) were recorded on a AEl
MS1Z mass spectrometer. Infrared spectra were recorded using a Mattson Galaxy 2020 FT-IR
Spectrophotometer. Ultraviolet spectra were recorded using a Unicam PU8730 Spectrophotometer. Melting
points were measured on a Gallenkamp Electrothermal Digital apparatus and are uncorrected. Flash column
chromatography was performed using Sorbsil C60 silica using the method described by Still, Kahn and Mitra.*®
TLC was carried out on pre-coated Merck 60 F254 aluminium-backed plates and visualized using UV (254 and
366 nm) and vanillin reagent; vanillin (6.0 g), ethanol (250 mL) and conc. sulfuric acid (2 mL). Oligonculeotides
were prepared on a Beckman Oligo 1000 DNA synthesiser following the manufacturer’s protocol using
commercially available reagents (LINK Technologies). Purification of oligonucleotides was performed by semi-
preparative reverded phase HPLC. Thermal UV analysis of oligonucleotides was conducted using a Varian Cary
1E UV-Visible Spectrophotometer with a 12 sample heating block.

6-Amino-2-chloro-9-(2'-deoxy-B-D-erythro-pentofuranosyl)-purine (5) and 6-amino-2-chloro-7-(2'-deoxy-$-D-
erythro-pentofuranosyl)-purine (6). A mixture of 2,6-dichloropurine (1) (5.00 g, 26.45 mmol) and sodium
hydride (1.13 g, 28.25 mmol, 60% dispersion in oil) in anhydrous MeCN (100 mL) was stirred (90 min) at rt
under Ar. Hoffer’s sugar®® 2 (10.28 g, 26.46 mmol) was added in four equal portions during 30 min. After 24 h,
the reaction mixture was filtered through Celite. Evaporation of the solvent gave a crude mixture of
nucleosides 3 and 4 (7.82 g) in a 4:1 ratio by *H NMR. A saturated solution of methanolic NHs; (70 mL) was
added to a portion (3.02 g) of the crude mixture of nucleosides 3 and 4, and the mixture was heated (6 h) in a
bomb at 100 °C. The product solution was evaporated concentrated. The residue was purified by flash
chromatography, eluting with CH>Cl,-MeOH (9:1) to give N9 isomer 5 (0.40 g, 14% over 2 steps); mp >300 °C
(Iit.%5 mp >300 °C); TLC [MeOH-CH,Cl, (1:4)]: Ry 0.38; INMR [(CD3),SO]: & 2.20-2.30 (m, 1 H, 2'-CH;), 2.60-2.70
(m, 1 H, 2'-CH,), 3.40-3.60 (m, 2 H, 5'-CH5), 4.38 (m, 1 H, 3'-CH), 4.99 (t, 1 H, J 5.8 Hz, 5'-OH), 5.34 (d, 1 H, J 4.2
Hz, 3'-OH), 6.26 (t, 1H, J 6.4 Hz, 1'-CH), 7.86 (br s, 2 H, NH3), 8.34 ppm (s, 1 H, 8-CH). Further elution gave the
N7 isomer 6 (0.10 g, 3% over 2 steps); mp >300 °C (lit.*>* mp >300 °C); TLC [MeOH-CHxCl, (1:4)]: Rf 0.24; H
NMR [(CD3),SO]: & 2.28-2.33 (m, 2 H, 2'-CH,), 3.42 (m, 2 H, 5'-CH,), 3.90 (m, 1 H, 4'-CH), 4.39 (m, 1 H, 3'-CH),
5.19 (t, 1 H, J 4.6 Hz, 5'-OH), 5.41 (d, 1 H, J 4.5 Hz, 3'-OH), 6.30 (t, 1 H, 6.3 Hz, 1'-CH), 7.49 (br s, 2 H, NH,), 8.56
ppm (s, 1 H, 8-CH); 13C NMR [(CD3):S0]: & 41.2 (2'-C), 60.4 (5'-C), 69.3 (3'-C), 85.7 (1'-C), 88.0 (4'-C), 109.6 (5-C),
144.8 (8-C), 152.7 (6-C or 2-C), 153.2 (6-C or 2-C), 162.2 ppm (4-C).

6-Amino-2-benzyloxy-9-(2'-deoxy-B-D-erythro-pentofuranosyl)-purine (7). Sodium as a 50% dispersion in
paraffin oil (190 mg, 8.26 mmol) was added to anhydrous benzyl alcohol (15 mL) under Ar and the mixture was
heated at 80 °C for 45 min to give a clear, colourless solution. The nucleoside 5 (450 mg, 1.58 mmol) was then
added and the solution was heated at 85 °C during 12 h. Silica (10 g) and MeCN (15 mL) were then added to
the cooled, deep-red, reaction mixture and the solvent evaported. The resulting gel was added to a column of
silica gel and the unreacted benzyl alcohol was eluted firstly using CH.Cl, and then CH»Cl,-MeOH (95:5).
Further elution with 10% MeOH-CH,Cl, afforded the title compound 7 (400 mg, 71%) as a yellow solid; mp
206-209 °C; TLC [MeOH-CH,Cl, (1:4)]: Rs 0.52; IR (cm) 3396, 3132, 2937, 1653, 1592; 'H NMR [(CDs),SO]: &
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2.22 (m, 1 H, 2'-CH,), 2.71 (m, 1 H, 2'-CH,), 3.50-3.58 (m, 2 H, 5'-CH,), 3.85 (m, 1 H, 4’-CH), 4.41 (m, 1 H, 3’-CH),
5.07 (t, 1 H, J 5.6 Hz, 5’-OH), 5.31-5.33 (m, 3 H, CH; and 3’-OH), 6.26 (t, 1 H, J 6.4 Hz, 1’-CH), 7.31-7.47 (m, 7 H,
5 x CH (Ar), NH,), 8.16 ppm (s, 1 H, 8-CH); 3C NMR [(CD3),SO]: 6 39.2 (2’-CH.), 62.1 (5’-CH,), 67.9 (CHy), 71.2
(3’-CH), 83.7 (1’-CH), 88.0 (4’-CH), 116.0 (5-C), 127.9 (CH (Ar)), 128.0 (CH (Ar)), 128.5 (CH (Ar)), 137.6 (C (Bn)),
138.6 (8-CH), 150.8 (4-C), 157.0 (6-C) and 161.2 ppm (2-C). Mass spectrum (ES*): m/z (I:) 358 (M + H, 100%),
113 (35%); Calcd for C17H19N504: 410.008. Found 410.009; Calcd for Ci17H19NsOa: C, 57.1%; H, 5.3%; N, 19.6%.
Found 57.2%; H, 5.3%; N, 19.5%.

6-Amino-2-allyloxy-9-(2'-deoxy-B-D-erythro-pentofuranosyl)-purine (8). Sodium (640 mg, 27.83 mmol) as a
50% dispersion in paraffin oil, was added to allyl alcohol (14 mL) in three portions during 5 min at 0 °C under
Ar. After 1 h, the nucleoside 5 (0.76 g, 2.65 mmol) was added and the mixture was heated at 88 °C during 12 h
after which time the mixture was concentrated to give a red oil which was purified by flash chromatography
by gradient elution using CH,Cl, containing MeOH (0 to 20%) to afford the title compound 8 (0.50 g, 62%) as a
cream coloured solid.; mp 170-173 °C; TLC [MeOH-CH,Cl, (1:4)]: Rf 0.47; IR (cm™) 3371, 3336, 2942, 2874,
1662, 1610; H NMR [(CD3),S0]: & 2.22 (m, 1 H, 2'-CH3), 2.71 (m, 1 H, 2'-CH,), 3.53 (m, 2 H, 5'-CH,), 3.84 (m, 1
H, 4’-CH), 4.38 (m, 1 H, 3’-CH), 4.74 (m, 2 H, CH,0), 5.04 (br s, 1 H, 5’-OH), 5.17-5.38 (m, 3 H, CH,, 3’-OH), 6.03
(m, 1 H, CH), 6.22 (t, 1 H J 6.9 Hz, 1’-CH), 7.32 (br s, 2 H, NH2), 8.13 ppm (s, 1 H, 8-CH); 13C NMR [(CD3),S0]: &
40.0 (2’-C), 62.0 (5’-C), 66.8 (CH20), 71.0 (3’-C), 83.5 (1’-C), 87.8 (4'-C), 115.7 (5-C), 116.9 (CHz), 134.0 (CH),
138.4 (8-C), 150.7 (4-C), 156.9 (6-C), 160.9 ppm (2-C). Mass spectrum (ES*): m/z (I:) 308 (M + H, 100%); Calcd
for C13H17NsO4: (M + H) 308.136. Found 308.135; Calcd for Ci3H17NsOa: C, 51.0%; H, 5.2%, N, 22.9%. Found
50.7%; H, 5.5%; N, 22.5%.

2’-Deoxyisoguanosine (9). To nucleoside 7 (270 mg, 0.75 mmol) dissolved in MeOH (70 mL) was added 5% Pd
on C (220 mg) and the mixture was hydrogenolysed (6.5 h) at rt using a hydrogen baloon. The product mixture
was filtered through Celite after which activated charcoal (1 g) was added and the mixture was boiled for 10
min. The charcoal was removed by filtration before concentration of the product mixture, affording the title
compound 9 (110 mg, 53%) as an off-white solid; decomposed >230 °C (lit.® decomposed >230 °C); *H NMR
[(CD3)2S0]: 6 2.14 (m, 1 H, 2'-CHy), 2.49 (m, 1 H, 2'-CH), 3.53 (m, 2 H, 5'-CH), 3.83 (m, 1 H, 4’-CH), 4.33 (m, 1
H, 3’-CH), 5.27 (br's, 1 H, 3’-OH), 5.60 (brs, 1 H, 5’-OH), 6.09 (t, 1 H, J 7.9 Hz, 1’-CH), 7.70 (br s, 2 H, NH;), 7.94
(s, 1 H, 8-CH), 10.70 ppm (br s, 1 H, NH); 13C NMR [(CD3),S0]: & 39.3 (2’-C), 62.0 (5’-C), 71.1 (3’-C), 83.8 (1’-C),
88.0 (4’-C), 109.6 (5-C), 137.7 (8-C), 152.5 (6-C), 156.1 ppm (2-C).
6-Amino-2-benzyloxy-6-N-[1-(dimethylamino)-ethylidene]-9-(2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-B-D-
erythro-pentofuranosyl)-purine (11). Nucleoside 7 (550 g, 1.54 mmmol) was coevaporated with anhydrous
pyridine (3 x 10 mL), dissolved in anhydrous MeOH (3 mL) and placed under Ar. To this was added N,N-
dimethylacetamide dimethyl acetal (0.68 mL, 4.65 mmol) and the mixture was heated at 40 °C. After 26 h, H,0
(0.3 mL) was added and the mixture stirred for a further 10 min. The mixture was concentrated, the residue
co-evaporated with anhydrous pyridine (3 x 3 mL) and dissolved in pyridine (15 mL) under Ar. DMTCI (640 mg,
1.89 mmol) was added and the solution stirred (12 h) after which time MeOH (0.5 mL) was added and stirring
continuted (10 min). The mixture was concentrated and purified by flash chromatography eluting firstly with
EtOAc-EtsN (100:1) and then MeOH-EtOAc-EtsN (5:95:1, then 10:90:1) affording a yellow foam. This was
precipitated from CHCl; (3 mL) into cold hexane-Et,0 (2:1, 700 mL). The product was dissolved in CH,Cl, (10
mL) and dried under high vacuum at 40 °C to give the title compound 11 (990 mg, 88% yield over 2 steps) as a
white solid; mp 102-105 °C; TLC [MeOH-EtOAc-EtsN (10:90:1)]: Rr 0.37; IR (cm™) 3413, 2929, 1606, 1564; 'H
NMR [(CD3)2S0]: & 2.01 (s, 3 H, CHsC), 2.27 (m, 1 H, 2’-CHa), 2.81 (m, 1 H, 2’-CH,), 3.08 (s, 8 H, 5’-CHa, (CH3)2N),
3.68 (s, 6 H, 2 x CH30), 3.96 (m, 1 H, 4'-CH), 4.45 (m, 1 H, 3’-CH), 5.17 (m, 2 H, CH2), 5.34 (m, 1 H, 3’-OH), 6.32
(m, 1 H, 1’-CH), 6.68-7.35 (m, 18 H, 13 x CH (Ar), 5 x CH (Ar)), 8.13 ppm (s, 1 H, 8-CH); 13C NMR [(CD3):S0]: &
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17.2 (CHs3C), 37.1, 38.2, ((CH3)2N), 38.4 (2’-CH,), 54.96, 54.99 (2 x CH30), 64.5 (5'-CH,), 68.1 (CH3), 70.8 (3’-CH>),
83.5 (1’-CH), 85.4 (ArsC), 86.0 (4’-CH), 113.1 (CH), 122.3 (5-C), 126.6 (CH), 127.7 (CH (Ar)), 127.8 (CH (Ar)),
128.3 (CH (Ar)), 129.65 (CH (Ar)), 129.72 (CH (Ar)), 135.5 (C), 135.7 (C), 137.3 (C (Ar)), 140.2 (8-CH), 145.0 (C
(Ph)), 152.0 (4-C), 157.97 (COCHs), 158.01 (COCHs), 160.7, 160.9, 161.3 ppm (C-2, C-6, C=N); Mass spectrum
(FAB*): m/z (I1) 729 (M + H, 50%), 303 (100%); Calcd for Ca2HaaNeOs: (M + H) 729.340. Found 729.343; Calcd for
Ca2H24N606: C, 69.2%; H, 6.0%; N, 11.5%. Found C, 68.7%; H, 6.0%; N, 11.5%.
6-Amino-2-allyloxy-6-N-[1-(dimethylamino)-ethylidene]-9-(2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-B-D-erythro-
pentofuranosyl)-purine (13). The nucleoside 8 (890 mg, 2.90 mmol) was co-evaporated with anhydrous
pyridine (3 x 10 mL) and dissolved in anhydrous MeOH (2 mL) under Ar. To this, N,N-dimethylacetamide
dimethylacetal (1.7 mL, 11.63 mmol) was added and the mixture stirred (47 h) at rt before water (0.3 mL) was
added and stirring continued (10 min). The product mixture was concentrated, the residue co-evaporated with
anhydrous pyridine (3 x 3 mL) and dissolved in pyridine (40 mL) under Ar. DMTCI (1.08 g, 3.19 mmol) was
added in two portions during 20 min and the solution stirred (110 min) at rt after which MeOH (0.05 mL) was
added and stirring continued (10 min). The product mixture was concentrated and the residue purified by
flash chromatography, eluting with MeOH-EtOAc-EtsN (5:95:1 and then 10:90:1) affording a yellow foam
which was precipitated from CH,Cl; (3 mL) into hexane-Et,0 (2:1, 750 mL). The product was dissolved in CH,Cl;
(3 mL) and dried under high vacuum to give the title compound 13 (1.33 g, 68% yield over 2 steps) as a white
solid; mp 98-101 °C; TLC [MeOH-EtOAc-EtsN (10:90:1)]: Ry 0.26; IR (cm™) 3265, 2929, 1564, 1505; *H NMR
[(CD3)2SO]: 6 2.04 (s, 3 H, CCH3), 2.32 (m, 1 H, 2’-CH,), 2.87 (m, 1 H, 2’-CH,), 3.00-3.20 (m, 8 H, N(CHs), and 5’-
CHy), 3.69 (s, 3 H, CH30), 3.70 (s, 3 H, CH30), 3.98 (m, 1 H, 4’-CH), 4.49 (m, 1 H, 3’-CH), 4.69 (m, 2 H, CH,0),
5.16-5.41 (m, 3 H, CH; and 3’-0OH), 6.00 (m, 1 H, CH), 6.73-7.34 (m, 13 H, 13 x CH (Ar)), 8.14 ppm (s, 1 H, 8-CH);
13C NMR [(CD3),S0]: & 17.4 (CHsC), 38.2, 38.4 (CH3)2N), 38.6 (2’-CH,), 55.1 (CH30), 55.2 (CH30), 64.6 (5’-CH>),
67.2 (CHz), 71.0 (3’-CH), 83.5 (1’-CH), 85.6 (Ar3C), 86.0 (4’-CH), 113.2 (CH (Ar)), 113.2 (CH (Ar)), 117.1 (CH),
122.4 (5-C), 126.8 (CH (Ar)), 127.9 (CH (Ar)), 129.8 (CH (Ar)), 129.9 (CH (Ar)), 134.1 (CH), 135.7 (C), 135.8 (C),
140.2 (8-CH), 145.1 (C (Ph)), 152.2 (C-4), 158.2 (2 x COCHs), 160.8, 161.1, 161.4 ppm (C2, C6, C=N); Mass
spectrum (FAB*): m/z (I;) 679 (M + H, 55%), 303 (100%); Calcd for C3gHa2NeOs: (M + H) 679.324. Found 679.326;
Calcd for C3gHaz2N6O6: C, 67.3%; H, 6.2%; N, 12.4%. Found C, 66.8%; H, 6.0%; N, 12.3%.
6-Amino-2-benzyloxy-6-N-[1-(dimethylamino)-ethylidene]-9-(2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-D-erythro-
pentofuranosyl)-purine-3'-0-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (14). Nucleoside 11 (200 mg,
0.28 mmol) was dried by coevaporation with anhydrous pyridine (3 x 5 mL) and suspended in anhydrous THF
(5 mL) under Ar. DIPEA (0.19 mL, 1.09 mmol) followed by 2-cyanoethyl-N,N-diisopropyl
chlorophosphoramidite (0.09 mL, 0.40 mmol) were then added with stirring. After 40 min a white precipitate
had formed and the product mixture was concentrated and the residue purified by flash chromatography
eluting with EtOAc-CH,Cl,-EtsN (50:50:1) affording an oil which was precipitated five times from CH,Cl, (3 mL)
into cold hexane (300 mL). The product was dissolved in CH,Cl> (3 mL) and dried under high vacuum at 30 °C
giving the title compound 14 (0.09 g, 33%) as a colourless viscous oil; mp 66-69 °C; TLC [EtOAc-CH2Cl>-EtsN
(50:50:1)]: Ry 0.28; IR (cm™): 3551, 3473, 2962, 2961, 1606, 1570; *H NMR [(CD3),S0]: & 0.95-1.23 (m, 12 H, 4 x
CHs), 2.03 (s, 3 H, CH3C), 2.62 (t, 1 H J 5.8 Hz, CH2CN), 2.74 (t, 1 H J 5.8 Hz, CH2CN), 2.95-3.25 (m, 8 H, (CH3)2N,
2'—CHz), 3.40-3.80 (m, 12 H, 2 x CH30, POCH,, 2 x NCH, 5’-CH,), 4.10 (m, 1 H, 4’-CH), 4.82 (m, 1 H, 3’-CH), 5.11-
5.24 (m, 2 H, CH2), 6.31 (m, 1 H, 1’-CH), 6.68-7.35 (m, 18 H, 13 x CH (Ar), 5 x CH (Ph)), 8.16, 8.17 ppm (2's, 1 H,
8-CH); 13C NMR [(CD3)2S0]: & 17.2 (CHsC), 19.8 (CH.CN), 24.1, 24.2 (4 x CHs), 37.0, 37.1 (2’-CH.), 37.6, 38.1
((CH3)2N), 42.5, 42.7 (2 x NCH), 54.9 (2 x CH3O (Ar)), 58.2, 58.3, 58.4, 58.6 (POCH,CH2CN), 63.8 (5’-CH.), 68.1,
68.2 (CH; (Ph)), 73.3, 73.6 (3’-CH), 83.6 (1’-CH), 84.6, 84.8 (4’-CH), 85.4 (ArsC), 113.0 (CH (Ar)) 118.9, 119.0
(CN), 122.3 (5-C), 126.6, 127.6, 127.7, 128.3, 129.6 (CH (Ar)), 135.4 (2 x C (Ar)), 137.15, 137.22 (C (Ph)), 140.5
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(8-CH), 144.8 (C (Ph)), 151.8 (4-C), 158.0 (2 x COCHs), 160.7, 160.9, 161.4 ppm (2-C, 6-C, C=N); 3P NMR
[(CD3)2SO]: 6 147.8, 148.5 ppm; Mass spectrum (APCI*): m/z (I:) 929 (M + H, 38%), 303 (100%); Calcd for
Cs1H1NsO7P: (M + Na) 951.430. Found 951.429. Calcd for Cs1He1NgO7P: C, 66.0%; H, 6.6%; N, 12.1%; P, 3.3%.
Found C, 65.7%; H, 6.5%; N, 12.0; P, 3.2%.
6-Amino-2-allyloxy-6-N-[1-(dimethylamino)-ethylidene]-9-(2'-deoxy-5'-0-(4,4'-dimethoxytrityl)-B-D-erythro-
pentofuranosyl)-purine-3'-0-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (15). The nucleoside 13 (22 mg,
0.32 mmol) was coevaporated with anhydrous pyridine (3 x 5 mL) and suspended in anhydrous THF (4 mL)
under Ar. To this solution was added DIPEA (0.22 mL, 1.26 mmol) followed by 2-cyanoethyl-N,N-diisopropyl
chlorophosphoramidite (0.11 mL, 0.49 mmol). After stirring (1 h) a white precipitate had formed and the
product mixture was concentrated and the residue purified by flash chromatography eluting with EtOAc-
CH,Cl,-Et3N (50:50:1) affording an oil which was precipitated from CHCl; (3 mL) into cold hexane (300 mL).
The product was dissolved in CH2Cl, (3 mL) and dried under high vacuum at 30 °C giving the phosphoramidite
15 (0.18 g, 64%) as a colourless viscous oil; mp 59-62 °C; TLC [CH2Cl>-EtOAc-EtsN (50:50:1)]: Rf0.13; IR (cm™):
3411, 3056, 2968, 1606, 1568; 'H NMR [(CD3),S0]: 6 0.96-1.19 (m, 12 H, 4 x CHs), 2.03 (s, 3 H, CH3), 2.63 (t, 1 H
J5.9 Hz, CH,CN), 2.75 (t, 1 HJ 5.8 Hz, CH,CN), 2.95-3.25 (m, 8 H, (CH3)2N, 2’-CH3), 3.40-3.80 (m, 10 H, 2 x CH30,
POCH,, 2 x NCH, 5'-CH3), 4.1 (m, 1 H, 4-CH), 4.62-4.80 (m, 3 H, CH0, 3’-CH), 5.16-5.32 (m, 2 H, CH2), 5.75 (m, 1
H, CH), 6.31 (m, 1 H, 1’-CH), 6.70-7.30 (m, 13 H, 13 x CH (Ar)), 8.13, 8.14 ppm (2 s, 1 H, 8-CH); 13C NMR
[(CD3);S0]: & 17.1 (CHsC), 19.4 (CH2CN), 19.76 (CH2CN), 19.8 (CH2CN), 19.9 (CH.CN), 24.1, 24.18, 24.23, 24.27,
24.29, 24.34, 24.39 (4 x CH3s), 36.9, 37.0 (2'-CH3), 37.4, 38.1 ((CHs)2N), 42.5, 42.7 (2 x NCH), 54.92, 54.95, 54.96
(2 x CH30), 58.1, 58.3, 58.4, 58.5 (POCH,CH,CN), 63.6 (5’-CHz), 67.1 (CH20), 72.9, 73.1, 73.3, 73.6, (3’-CH), 83.5
(1’-CH), 84.4, 84.5, 84.7 (4’-CH), 85.5 (ArsC), 113.0 (CH (Ar)), 116.9, 117.0 (CH,), 118.7, 119.0 (CN), 122.2, 122.3
(5-C), 126.6, 127.6, 127.63, 129.5, 129.6, 129.64 (CH (Ar)), 133.3, 133.8, 133.81 (CH), 135.37, 135.43, 135.45 (2
x C (Ar)), 140.2, 140.4 (8-CH), 144.8 (PhC), 151.7, 151.8 (4-C), 157.96, 157.97, 158.0 (2 x COCHs), 160.5, 160.9,
161.3 ppm (2-C, 6-C, C=N); 3P NMR [(CD3),SO]: 6 147.9, 148.6 ppm; Mass spectrum (APCI*): m/z (I;) 879 (M +
H, 50%), 303 (100%); Calcd for Ca7H59NgOsP: (M + Na) 901.414. Found 901.410.

Acknowledgements

We thank Cancer Research UK for a PhD studentship (AJW). We thank Mrs Karen Farrow (Aston University) and

the EPSRC Mass Spectrometry Service (Swansea) for mass spectrometric analyses.

Supplementary Material

Copies of *H, 13C and 3P NMR spectra are provided as supplementary material.

References

1. Dias, A. M,; Vila-Ch3, S.; Cabral, I. M.; Peoenca M. F. SynLett 2007, 1231-1234.
https://doi.org/10.1055/s-2007-977419
2. Karalkar, N. B.; Khare, K.; Molt, R.; Benner, S. A. Nucleosides, Nucleotides Nucleic Acids 2017, 36, 256-274.
https://doi.org/10.1080/15257770.2016.1268694
Page 10 ©AUTHOR(S)



https://doi.org/10.1055/s-2007-977419
https://doi.org/10.1080/15257770.2016.1268694

Arkivoc 2021, part _, 0-0 Walsh, AJ & Fraser, W

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Stachelska-Wierzchowska, A.; Wierzchowski, J.; Gdrka, M.; Bzowska, A.; Wielgus-Kutrowska, B. Molecules
2019, 24, 1493-1510.

https://doi.org/10.3390/molecules24081493

Kotkowiak, W.; Czapik, T.; Pasternak, A. PLoS One 2018, 13, e0197835.
https://doi.org/10.1371/journal.pone.0197835

Divakar, K. J.; Mottahedeh, M. ; Reese, C. B. ; Sanghvi, Y. S. ; Swift, K. A. D. J. Chem. Soc., Perkin Trans. 1
1991, 771-774.

https://doi.org/10.1039/P19910000771

Arico, J. W.; Calhoun, A. K.; MclLaughlin, L. W. J. Org. Chem. 2010, 75, 1360-1365.
https://doi.org/10.1021/j0902616s

Roberts, C.; Bandaru, R.; Switzer, C. J. Am. Chem. Soc. 1997, 119, 4640-4649.
https://doi.org/10.1021/ja970123s

Seela, F.; Gabler, B. Helv. Chim. Acta 1994, 77, 622-630.
https://doi.org/10.1002/hlca.19940770305

Kazimierczuk, Z.; Merten, R.; Kawczynski, W.; Seela, F. Helv. Chim. Acta 1991, 74, 1742-1748.
https://doi.org/10.1002/hlca.19910740816

Seela, F.; Wei, C.; Kazimierczuk, Z. Helv. Chim. Acta 1995, 78, 1843-1854.
https://doi.org/10.1002/hlca.19950780718

Tor, Y.; Dervan, P. B. J. Am. Chem. Soc. 1993, 115, 4461-4467.
https://doi.org/10.1021/ja00064a007

Lee, D. -K.; Switzer, C. Bioorg. Med. Chem. Lett. 2016, 26, 1177-1179.
https://doi.org/10.1016/j.bmcl.2016.01.041

Bande, O.; El Asrar, R. A.; Braddick, D.; Dumbre, S.; Pezo, V.; Schepers, G.; Pinheiro, V. B.; Lescrinier, E.;
Holliger, P.; Marliere, P.; Herdewijn, P. Chem. — Eur. J. 2015, 21, 5009-5022.
https://doi.org/10.1002/chem.201406392

Sismour, A. M.; Benner, S. A. Nucleic Acids Res. 2005, 33, 5640-5646.
https://doi.org/10.1093/nar/gki873

Maciejewska, A. M.; Lichota, K. D.; Kusmierek, J. T. Biochem. J. 2003, 369, 611-618.
https://doi.org/10.1042/bj20020922

Jurczyka, S. C.; Kodrah, J. T.; Rozzella, J. D.; Benner, S. A.; Battersby, T. R. Helvetica Chim. Acta 1998, 81,
793-811.

https://doi.org/10.1002/hlca.19980810502

Roberts, C.; Chaput, J. C.; Switzer, C. Chem. Biol. 1997, 4, 899-908.
https://doi.org/10.1016/5S1074-5521(97)90298-2

Seela, F.; Wei, C. Helv. Chim. Acta 1997, 80, 73-85.

https://doi.org/10.1002/hlca.19970800107

Ng, M. M. P.; Bensler, F.; Tuschl, T.; Eckstein, F. Biochemistry 1994, 33, 12119-12126.
https://doi.org/10.1021/bi00206a015

Seela, F.; Frohlich, T. Helv. Chim. Acta 1994, 77, 399-408.
https://doi.org/10.1002/hlca.19940770137

Tuschl, T.; Ng, M. M. P.; Pieken, W.; Benseler, F.; Eckstein, F. Biochemistry, 1993, 32, 11658-11668.
https://doi.org/10.1021/bi00094a023

Switzer, C. Y.; Moroney; S. E.; Benner, S. A. Biochemistry, 1993, 32, 10489-10496.
https://doi.org/10.1021/bi00090a027

Page 11 ©AUTHOR(S)


https://doi.org/10.3390/molecules24081493
https://doi.org/10.1371/journal.pone.0197835
https://doi.org/10.1039/P19910000771
https://doi.org/10.1021/jo902616s
https://doi.org/10.1021/ja970123s
https://doi.org/10.1002/hlca.19940770305
https://doi.org/10.1002/hlca.19910740816
https://doi.org/10.1002/hlca.19950780718
https://doi.org/10.1021/ja00064a007
https://doi.org/10.1016/j.bmcl.2016.01.041
https://doi.org/10.1002/chem.201406392
https://doi.org/10.1093/nar/gki873
https://doi.org/10.1042/bj20020922
https://doi.org/10.1002/hlca.19980810502
https://doi.org/10.1016/S1074-5521(97)90298-2
https://doi.org/10.1002/hlca.19970800107
https://doi.org/10.1021/bi00206a015
https://doi.org/10.1002/hlca.19940770137
https://doi.org/10.1021/bi00094a023
https://doi.org/10.1021/bi00090a027

Arkivoc 2021, part _, 0-0 Walsh, AJ & Fraser, W

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Seela, F.; Mertens, R.; Kazimierczuk, Z. Helv. Chim. Acta 1992, 75, 2298-2306.
https://doi.org/10.1002/hlca.19920750716

Battersby, T. R.; Albalos, M.; Friesenhahn, M. J. Chem. Biol. 2007, 14, 525-531.
https://doi.org/10.1016/j.chembiol.2007.03.012

Kawakami, J.; Kamiya, H.; Yasuda, K.; Fujiki, H.; Kasai, H.; Sugimoto, N. Nucleic Acids Res. 2001, 16, 3289-
3296.

https://doi.org/10.1093/nar/29.16.3289

Robinson, H.; Gao, Y. -G.; Bauer, C.; Roberts, C.; Switzer, C.; Wang, A. H. J. Biochemistry 1998, 37, 10897-
10905.

https://doi.org/10.1021/bi980818|

Sugiyama, H.; Ikeda, S.; Saito, I. J. Am. Chem. Soc. 1996, 118, 9994-9995.
https://doi.org/10.1021/ja961371b

Switzer, C.; Moroney, S. E.; Benner, S. A. J. Am. Chem. Soc. 1989, 111, 8322-8323.
https://doi.org/10.1021/ja00203a067

Seela, F.; Shaikh, K. I. Org. Biomol. Chem. 2006, 4, 3993-4004.

https://doi.org/10.1039/B610930F

Cheng, Q.; Jiande Gu, J.; Compaan, K. R.; Schaefer Ill, H. F. Chem. — Eur. J. 2012, 18, 4877-4886.
https://doi.org/10.1002/chem.201102415

Blas, J. R.; Luque, F. J.; Orozco, M. J. Am. Chem. Soc. 2004, 126, 154-164.
https://doi.org/10.1021/ja036806r

Groebke, K.; Hunziker, J.; Fraser, W.; Peng, L.; Diederichsen, U.; Zimmermann, K.; Holzner, A.; Leumann,
C.; Eschenmoser, A. Helv. Chim. Acta 1998, 81, 375-474.

https://doi.org/10.1002/hlca.19980810302

Krishnamurthy, R.; Pitsch, S.; Minton, M.; Miculka, C.; Windhab, N.; Eschenmoser, A. Angew. Chem. Int.
Ed. Engl. 1996, 35, 1537-1541.

https://doi.org/10.1002/anie.199615371

Nair, V.; Fasbenderm A. J. Tetrahedron 1993, 49, 2169-2184.
https://doi.org/10.1016/S0040-4020(01)80361-6

Hayakawa, Y.; Wakabayashi, S.; Kato, H.; Noyori, R. J. Am. Chem. Soc. 1990, 112, 1691-1696.
https://doi.org/10.1021/ja00161a006

Janeba, Z. ; Paula Francom, P. ; Robins, M. J. J. Org. Chem. 2003, 68, 989-992.
https://doi.org/10.1021/j0020644k

Penjarla, S.; Sabui, S. K.; Reddy, D. S.; Banerjee, S.; Reddy, P. Y.; Penta, S.; Sanghvi, Y. S. Bioorg. Med.
Chem. Lett. 2020, 30, 127612.

https://doi.org/10.1016/j.bmcl.2020.127612

Hirashima, S.; Han, J. H.; Tsuno, H.; Tanigaki, Y.; Park, S.; Sugiyama, H. Chem. — Eur. J. 2019, 25, 9913-
99109.

https://doi.org/10.1002/chem.201900843

Fraser, W. Adv. Heterocycl. Chem. 2012, 107, 1-39.

https://doi.org/10.1016/B978-0-12-396532-5.00001-9

Crawford J. A. ; Fraser W. ; Ramsden, C. A. Synthesis, 2009, 1271-1278.
https://doi.org/10.1055/s-0028-1088028

Kazimierczuck, Z.; Cottam, H. B.; Revankar, G. R.; Robins, R. K. J. Am. Chem. Soc. 1984, 106, 6379-6382.
https://doi.org/10.1021/ja00333a046

Page 12 ©AUTHOR(S)


https://doi.org/10.1002/hlca.19920750716
https://doi.org/10.1016/j.chembiol.2007.03.012
https://doi.org/10.1093/nar/29.16.3289
https://doi.org/10.1021/bi980818l
https://doi.org/10.1021/ja961371b
https://doi.org/10.1021/ja00203a067
https://doi.org/10.1039/B610930F
https://doi.org/10.1002/chem.201102415
https://doi.org/10.1021/ja036806r
https://doi.org/10.1002/hlca.19980810302
https://doi.org/10.1002/anie.199615371
https://doi.org/10.1016/S0040-4020(01)80361-6
https://doi.org/10.1021/ja00161a006
https://doi.org/10.1021/jo020644k
https://doi.org/10.1016/j.bmcl.2020.127612
https://doi.org/10.1002/chem.201900843
https://doi.org/10.1016/B978-0-12-396532-5.00001-9
https://doi.org/10.1055/s-0028-1088028
https://doi.org/10.1021/ja00333a046

Arkivoc 2021, part _, 0-0 Walsh, AJ & Fraser, W

42. Hoffer, M. Chem. Ber. 1960, 93, 2777-2781.
https://doi.org/10.1002/cber.19600931204

43. Clayton, R. ; Davis, M. L,, Li, W. ; Fraser, W. ; Ramsden, C. A. Arkivoc 2017 (iii), 87-104.
https://doi.org/10.24820/ark.5550190.p010.075

44. Christensen, L. F.; Broom, A. D.; Robins, M. J.; Bloch, A. J. Med. Chem. 1972, 15, 735-739.
https://doi.org/10.1021/jm00277a010

45. Worthington, V. L.; Fraser, W., Schwalbe, C. H. Carbohydr. Res. 1995, 275, 275-284.
https://doi.org/10.1002/chin.199605256

46. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925.
https://doi.org/10.1021/jo00408a041

This paper is an open access article distributed under the terms of the Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/)

Page 13 ©AUTHOR(S)


https://doi.org/10.1002/cber.19600931204
https://doi.org/10.24820/ark.5550190.p010.075
https://doi.org/10.1021/jm00277a010
https://doi.org/10.1002/chin.199605256
https://doi.org/10.1021/jo00408a041
http://creativecommons.org/licenses/by/4.0/

