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From codeine, four different 2-aryl substituted apomorphines were synthesised in 6 steps each. Oxidation of codeine
with IBX followed by acid catalysed rearrangement gave morphothebaine, which was selectively triflylated at the
2-position and subsequently O-acetylated at the 11-position. The resulting triflate was coupled in a Suzuki-Miyaura
type reaction with a series of 4-substituted arylboronic esters which, after deprotection, gave the desired 2-aryl
apomorphines. The analogues were tested for affinity towards a range of dopaminergic, serotonergic and adrenergic
receptors. 2-(4-Hydroxyphenyl)-apomorphine exhibited high affinity for the dopamine D, receptor. A putative

ligand-receptor interaction was put forward.

Introduction

The alkaloid apomorphine (1, Fig. 1), first synthesised in 1869
by Matthiessen and Wright' from morphine, displays a number
of interesting biological effects toward various disorders such as
erectile dysfunction®® and Parkinson’s disease.”

Fig.1 (R)-(—)-Apomorphine, 1.

The ability of apomorphine for agonistic binding with high
efficacy to dopamine receptors has made it an object of intense
research. Since apomorphine is not dopamine receptor subtype
selective,® modifications have been made!®' to address the
selectivity and binding affinity of apomorphine derivatives
by varying the substituents at the 2-position. Many of these
modifications equal or increase binding to the dopamine D,
receptor, suggesting the presence of a receptor-excluded cavity
near the 2-position. It has been suggested that this cavity in the
dopamine D, receptor is delimited by lipophilic residues.* To
the best of our knowledge, no derivatives of apomorphine with
carbon substituents at the 2-position have been prepared so far.
We set out to explore the potential hydrophobic interactions near
the 2-position of the apomorphine skeleton by introduction of
aryl substituents.

Results and discussion

We speculated that if we could prepare the corresponding triflate
5, this might participate in palladium catalysed cross-coupling
reactions to generate the new C-C bond (Scheme 1). The
triflate 5 should be available from morphothebaine (4), which
in turn can be prepared from codeinone (3) by an acid-catalysed
rearrangement.

This journal is © The Royal Society of Chemistry 2005 |

Scheme 1 Retrosynthesis of 2-arylapomorphines.

Several papers report the transformation of codeine (2)
to codeinone (3) using potassium permanganate, silver
carbonate,’ chromium trioxide,'® or manganese dioxide!'”'® as
oxidants or Oppenauer conditions.” Many of these methods
suffer from low yields or toxicity of the oxidising agent.

We found that codeine (2) was easily oxidised by IBX***
to give codeinone (3) in a yield of 85% (Scheme 2). Sub-
sequent skeletal rearrangement under acidic conditions gave
morphothebaine (4)** which was selectively triflylated at the
2-hydroxy group using 2-[N,N-bis-(trifluorosulfonyl)amino]-5-
chloropyridinef. Subsequent acetylation of the 11-OH group
provided 5 in 74% overall yield.i Triflate 5 was converted
into a variety of 2-aryl aporphines (7a—e, Scheme 3) via a

t Triflylation using Tf,O was attempted, but even at —78 °C extensive
decomposition of the compound was observed.

1 The ester formation proved valuable, allowing separation of the desired
product from the sulfonamide formed as a byproduct in the triflylation
step.
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Scheme 2 Synthesis of triflate 5.
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Scheme 3 Synthesis of apomorphines 8a-d.

Suzuki-Miyaura cross-coupling with boronic esters 6a—e
(Scheme 3). The yields ranged from 39 to 85%. Boronic
esters were found to be superior coupling partners compared
with the corresponding aryl potassium trifluoroborates and
aryl stannanes, which gave rise to extensive reduction of the
triflate to produce the parent 2-H compound. Liberation of the
catechol functionality was performed by treatment with boron
tribromide. Compounds 8a—c¢ were isolated in 37, 62 and 58%,
respectively from aporphines 7a—c. Deprotection of 7d was not

Table 1 K values in nM*

complete when applying the same conditions.§ Liberation of
the catechol motif was in this case accomplished by heating
in 33% hydrogen bromide in acetic acid for 36 h to give 8d in
33% yield. Attempts to deprotect 7e using concentrated aqueous
hydrobromic acid, hydrogen bromide in acetic acid or boron
tribromide were unsuccessful, since an unidentifiable byproduct
was formed as the major product in a 5 : 4 ratio according to
'"H-NMR. Attempts to purify this mixture failed.

Binding studies

As can be seen in Table 1, introduction of an aryl group in
the 2-position of apomorphine decreases binding slightly to
the dopamine D, receptor for compounds 8b—d compared to
apomorphine (1). However, for compound 8a binding was in-
creased by a factor of 8. Since the corresponding 4-fluorophenyl
compound 8d has a significantly lower affinity (38-fold in
binding studies towards [*’H]-N-methylspiperone and 8-fold in
functional assay) for the dopamine D, receptor the favorable
interaction between 8a and the receptor can be ascribed to
the hydrogen bond donating ability of the 4-hydroxy group.
Possibly the receptor has a complementary amino acid residue
able to accept this hydrogen bond at a favourable distance to the
hydroxy group. Interestingly, not only is 2-(4-hydroxyphenyl)-
apomorphine (8a) considerably more tightly bound to the
dopamine D, receptor than apomorphine, it also appears to be
more selective than apomorphine. While apomorphine appears
to bind selectively to D,, 8a binds to D, with similar affinity as
apomorphine but is much less potent at D, and D5 and much
more potent towards D,. The fact that 8¢ has similar affinity
for D, as apomorphine supports the hypothesis put forward by
Ramsby et al. that this receptor contains a lipophillic cavity in

§ Cleavage of the ester group occurred readily. The methyl aryl ether
bond, however, was found to be difficult to cleave in this case.

8a (R=OH) 8h (R=CH.,) 8c (R=H) 8d (R=F) 1
h5-HT,, * 691 4135 1943 N/a 121
h5-HT 3¢ 255 1363 1524 633 6000
h5-HT,p¢ 56 4243 1509 1145 —
h5-HT ¢ 5024 N/a N/a 5963 —
h5-HT,.¢ 1200 2332 N/a N/a 1000
r5-HT," 2398 N/a N/a N/a 200
h5-HT¢*¢ 1061 1546 453 684 2000
h5-HT;# 217 1755 567 1889 200
hD,” 167 1129 755 1217 101
hD, 3832 347 88 145 (25)" 32
Dy 1.0 >100 60 75 —
D’ 3.2 879 16 831 26
hD,/ 5.2 (n/a)" 57 21 18 (n/a)" 26
hDs" 313 4255 2359 4936 10
oak 444 1676 874 606 —
a* 392 N/a N/a 1830 —
! 112 828 662 610 —
Op’ 82 974 565 461 —
Ohe! 22 196 38 60 —

“Inhibition less than 50% at 10 mM is considered not active (n/a); r = rat, h = human. Data represent mean K; (N = 4). * [*'H]-8-OH-DPAT.
‘[*H]-GR125743.4[*H]-5-HT. ¢ *H]-Ketanserin.” [*'H]-Mesulergine. ¢ [*H]-LSD. * ’'H]-SCH23390. ' [*H]- N-Methylspiperone.’ [*'H]-Raclopride. * [*H]-
Prazosin (1 nM). / [’'H]-Clonidine (2 nM). ™ ECs, value for Dy, receptor activation. Biological data of 1 was found in the literature (see ref. 3).
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the proximity of the 2-position of apomorphine in its optimal
binding mode." Introduction of a methyl group in the 4-position
of the 2-aryl moiety, as in compound 8¢, is detrimental to binding
to the D, receptor compared to 2-phenylapomorphine (8c) as
binding decreases by a factor of 4. Fig. 2 shows the inhibition
curves for 8a, 8c and 8d (with NPA as standard) for binding to rat
striatum homogenate. From dose-response studies on receptor
function it was found that 8a and 8d indeed are dopamine
D, full agonists having ECs, values of 3.2 nM (95% activation
compared to quinpirole) and 25 nM (91% activation compared
to quinpirole) (Fig. 3), respectively, whereas they do not activate
D, significantly compared to dopamine. In general, all four
synthesised apomorphine analogues display minor affinity for
the serotonergic and adrenergic receptors even though some
affinity for the o, was observed for 8a, 8¢ and 8d.

Rat Striatum Homogenate Binding
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Fig. 2 Inhibition curves for ligands 8a, 8¢ and 8d.
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Fig. 3 Dose-response curves of 8a and 8d with dopamine and
quinpirole as standards.

In summary, we have synthesised four 2-aryl apomorphines
in 6 steps from codeine in modest overall yield ranging from 10
to 26%. Binding studies showed that 8a was much more potent
in binding to the dopamine D, receptor and more selective than
apomorphine. A putative explanation for the high affinity is the
ability of the 4-hydroxy group in 8a to donate a hydrogen bond
to a complementary amino acid residue in the receptor. The fact
that 8¢ has similar affinity to the D, receptor as apomorphine
supports the hypothesis that this receptor contains a lipophillic
cavity in the proximity of the 2-position of apomorphine in its
optimal binding mode. 8b has only some activity at the dopamine
D, receptor whereas 8d was highly potent towards the dopamine
D, receptor in a functional assay.

Experimental section
General

Solvents were distilled under anhydrous conditions. All reagents
were used without further purification. Evaporation was per-
formed on a rotary evaporator with the temperature kept
below 40 °C. Glassware used for moisture sensitive reactions
were flame-dried under reduced pressure and cooled to room
temperature under a stream of nitrogen prior to use. Columns
were packed with silica gel 60 (230-400 mesh) as the stationary

phase. TLC plates (Merck 60, F,s,) were visualised by dipping in
a solution containing ninhydrin (0.6 g), acetic acid (1.5 mL) and
water (13.3 mL) in n-BuOH (300 mL) and heating until coloured
spots appeared. 'H-NMR, gCOSY and gHSQC were performed
on a Varian Mercury-plus 300 MHz (IDPFG). *C-NMR was
performed on a Varian Gemini 300 MHz. Optical rotations are
given in 107" deg cm? g~'. Mass spectra were recorded on a
JMS-HX/HX110A tandem mass spectrometer.

Codeinone (3). Codeine (2) (1.30 g, 4.34 mmol, 1.0 eq.)
was dissolved in DMF (20 mL). Freshly prepared IBX (1.22 g,
4.34 mmol, 1.0 eq.) was added in one portion under vigorous
stirring. As the reaction proceeded, the mixture changed ap-
pearance from a heterogeneous colourless mixture to a deep
red homogeneous solution. The mixture was stirred for 2 h
before diluting with DCM (50 mL) and water (50 mL). The two
phases were separated and the water phase was extracted with
DCM. The combined organic phase was washed three times
with a saturated aqueous solution of NaHCO; before drying
(Na,S0,), filtration and concentration. The crude product was
purified by chromatography (R; = 0.40 in MeOH-CHCl; 1:9) to
give codeinone (1.10 g, 85%) as a red-brownish powder. Upon
recrystallisation in benzene-cyclohexane (1 : 10),* codeinone
appeared as slightly red needles which on prolonged standing
turned deep red.

Mp: 180-181 °C (lit.* 184-185 °C). Spectral data was in
agreement with published data.”’

(R)-(—)-2,11-Dihydroxy-10-methoxyaporphine (morphothe-
baine) (4). Codeinone (3) (2.02 g, 6.79 mmol, 1.0 eq.) was
dissolved in CH;SO;H (15 mL) and the mixture was heated at
95 °C under stirring for 1.5 h. After cooling to room temperature
the resultant dark red solution was neutralised by adding it
carefully to a slurry of NaHCO; (50 g) in water (300 mL) under
vigorous stirring. The slurry was stirred for another 30 min
before extraction (CHCIL;), washing of the combined organic
phase (brine), drying (MgSQ,), filtration and concentration. The
resultant solid was purified by flash chromatography (R; = 0.18
in MeOH-CHCI; 1 : 9) to give morphothebaine (4) (1.72 g, 85%)
as a greenish powder.

NMR spectral data was in agreement with previously pub-
lished data.?®

(RH—)11-Acetoxy-10Hnethoxy-2{trifluoromethanesulfonyloxy)-
N-methylaporphine (5). To a slurry of morphothebaine (4)
(1.48 g, 4.86 mmol, 1.0 eq.) in CHCIl; (30 mL) was added
2-[N,N-bis-(trifluorosulfonyl)amino]-5-chloropyridine (2.15 g,
5.48 mmol, 1.1 eq.) and NEt; (2.1 mL, 14.9 mmol, 3.0 eq.).
The mixture was stirred for 3 h before adding acetic anhydride
(0.52 mL, 5.48 mmol, 1.1 eq.), another charge of NEt; (3.5 mL,
24.9 mmol, 5.0 eq.) and a catalyticamount of DMAP (ca. 5 mg).
Stirring was then continued for 2 h before washing once with
saturated aqueous NaHCO;. The organic phase was dried
(MgSO0,), filtered and concentrated in vacuo to give a syrup
which was exposed to column chromatography (R; = 0.38 in
MeOH-CHCI; (1 : 9)) to give triflate 5 (2.99 g, 78% in two
steps) as a yellow foam.

0u(300 MHz, CDCl;) 7.80 (brs, 1H, H1), 7.15 (d, IH, H8/H9,
J(8,9) =8.2Hz), 6.99 (d, 1H, H3, J(3,1) = 2.3 Hz), 6.92 (d, 1H,
H8/9), 3.85 (s, 3H, ArOCH,;), 3.44-3.04 (m, 4H), 2.80 (dd, 1H,
J =29 Hz, 17.0 Hz), 2.72-2.50 (m, 5H (s, 3H, =NCH,)), 2.34
(s, 3H, ArOCOCH). d(75 MHz, CDCl;) 168.9 (ArOCOCH,;),
151.2, 148.3, 137.4, 135.0, 133.5, 129.0, 126.7, 126.7, 126.3,
120.5, 119.1 (q, -OSO,CF;, J(C,F) = —320 Hz), 118.8, 112.5
(Ar), 62.3 (C6a), 56.7(ArOCHs;), 52.7 (C5), 44.0 (=NCHs;), 34.0
(C7), 29.3 (C4), 21.2(ArOCOCH;). [a]y —63.7 (¢ 1, CHCL).
HRMS (ES): 472.1031, calc for C,;H, F;NO4S + H: 472.1042.

(R)-(—)-11-Acetoxy-2-(4-methoxyphenyl)-10-methoxyaporphine
(7a). Triflate 5 (234 mg, 0.50 mmol, 1.0 eq.), boronic ester
6a (328 mg, 1.49 mmol, 3 eq.), Cs,CO; (485 mg, 1.49 mmol,
3 eq.), dppf (28 mg, 0.050 mmol, 0.10 eq.) and PdCl,(dppf)
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(41 mg, 0.050 mmol, 0.10 eq.) were mixed in dry deoxygenated
dioxane (2 mL). The mixture was heated to 80 °C under N,
for 5 h before adding water (20 mL) and EtOAc (20 mL). The
phases were separated and the aqeueos phase was extracted
(EtOAc). The combined organic phase was washed several times
with saturated ageueos NaHCO;, dried (MgSO,), filtered and
concentrated in vacuo. The resultant syrup was exposed to
column chromatography (R; = 0.11 in EtOAc) to give pure
aporphine 7a (155 mg, 73%) as a yellowish foam. (300 MHz,
CDCl;) 8.05 (brs, 1H, H1), 7.54-7.48 (m, 2H, 2-Ar), 7.27 (s, 1H,
H3), 7.13 (d, 1H, H8/H9, J(8,9) = 8.3 Hz), 6.98-6.92 (m, 2H,
2-Ar), 6.86 (d, IH, H8/H9), 3.84 (s, 6H, 2xArOCH,), 3.38-3.04
(m, 4H), 2.80 (dd, 1H, J = 2.8 Hz, J = 16.2 Hz), 2.66-2.53
(m, 2H), 2.58 (s, 3H, =NCH;), 2.23 (s, 3H, -OCOCH).
0c(75 MHz, CDCl;) 168.3 (ArOCOCH,), 158.8, 150.6, 138.6,
136.6, 133.1, 132.9, 130.8, 128.8, 127.9, 127.7, 127.5, 126.2,
125.7, 123.6, 114.0, 110.8 (Ar), 61.9 (C6a), 56.1 (ArOCH,),
55.2 (ArOCH,), 52.7 (C5), 43.5 (=NCH,), 34.0 (C7), 28.8 (C4),
21.0 (ArOCOCH,). [a]3 —127.0 (¢ 0.20, CHCl;). HRMS (EI):
429.1925 calc. for C,H,;NO, 429.1940.

(R)-(—)-11-Acetoxy-2-(4-tolyl)-10-methoxyaporphine (7b).
This compound was prepared in a similar manner to 7a but
using 4-tolylboronic ester 6b as starting material which gave
aporphine 7b as a brown oil in a yield of 39%. R; = 0.11 in
EtOAc.

ou(300 MHz, CDCl;) 8.06 (br s, 1H, H1), 7.48 (d, 2H, 2-
Ar, Jome = 8.1 Hz), 7.29 (d, 1H, H3, J(1,3) = 1.7 Hz), 7.22
(d, 2H, 2-Ar), 7.12 (d, 1H, H8/H9, J(8,9) = 8.2 Hz), 6.85 (d,
1H, H8/H9), 3.38-3.04 (m, 4H), 2.80 (dd, 1H, J = 2.8 Hz,
J = 16.2 Hz), 2.65-2.52 (m, 2H), 2.57 (s, 3H, =NCH,), 2.40
(s, 3H, ArCH,), 2.23 (s, 3H, ArOCOCH,). d.(75 MHz, CDCl;)
168.5 (ArOCOCH;), 150.9, 139.2, 137.9, 137.0, 136.9, 133.3,
133.1,131.1,129.5,129.0,127.9, 126.7,126.6,125.9, 124.1, 1 11.1
(Ar), 62.0 (Co6a), 56.2 (ArOCH;), 53.8 (C5), 43.5 (=NCH,),
34.0 (C7), 28.7 (C4), 21.1, 21.0 (ArCH; and ArOCOCH,). [a]
—107(¢0.20, CHCl;). HRMS (EI): 413.1959 calc. for C,;H,,NO;
413.1991.

(R)-(—)-11-Acetoxy-2-phenyl-10-methoxyaporphine (7c).
This compound was prepared in a similar manner to 7a but
using phenylboronic ester 6¢ as starting material which gave
aporphine 7c¢ as a brown oil in a yield of 85%. R; = 0.11 in
EtOAc.

0u(300 MHz, CDCl;) 8.10 (br s, 1H, HI), 7.56 (dd, 2H, 2-
Ph, Jow. = 1.5 Hz, Jouo = 7.1 Hz), 7.46-7.38 (m, 2H, 2-Ph),
7.37-7.30 (m, 2H, H3 + 2-Ph H), 7.14 (d, 1H, H8/H9, J(8,9) =
8.2 Hz), 6.87 (d, 1H, H8/H9), 3.84 (s, 3H, ArOCH}), 3.55-
3.10 (m, 5H), 2.86 (dd, 1H, J = 17.2 Hz), 2.80-2.72 (m, 2H),
2.68 (s, 3H, =NCH,), 2.27 (s, 3H, ArOCOCHy). 6.(75 MHz,
CDCl;) 168.8 (ArOCOCH,), 151.2, 141.0, 139.8, 137.2, 133.1,
131.4, 129.1 (2 signals), 128.9, 128.0, 127.6, 127.2, 127.0, 126.2,
124.6, 111.5 (Ar), 62.2 (C6a), 56.4 (ArOCH,;), 52.9 (C5), 43.4
(=NCH,), 33.9 (C7), 28.6 (C4), 21.2 (ArOCOCH,). [a]3, —225
(¢ 0.15, CHCL;). HRMS (EI): 399.1839 calc. for C,H,sNO;
399.1834.

(R)-(—)-11-Acetoxy-2-(4-fluorophenyl)-10-methoxyaporphine
(7d). This compound was prepared in a similar manner to
7a but using phenylboronic ester 6d as starting material which
gave aporphine 7d as an off-white solid in a yield of 73%. R; =
0.13 in EtOAc.

Mp decomp. at 77-79 °C. d(300 MHz, CDCI;) 8.00 (br s,
1H, H1), 7.58-7.48 (m, 2H, 2-Ar), 7.25 (s, 1H, H3), 7.14 (d,
1H, H8/H9, J(8,9) = 7.9 Hz), 7.12-7.05 (m, 2H, 2-Ar), 6.87 (d,
1H, H8/H9), 3.85 (s, 3H, ArOCH), 3.32-3.00 (m, 4H), 2.80
(dd, 1H, J = 2.6 Hz, J = 15.8 Hz), 2.63-2.49 (m, 2H), 2.55 (s,
3H, =NCH,), 2.25 (s, 3H, ArOCOCH). 6.(75 MHz, CDCl;)
168.5 (-OCOCH;), 162.4 (d, C-F, J(C,F) = 246 Hz), 150.9,
138.2, 137.1, 136.9, 134.2, 133.6, 131.2, 129.3, 128.4, 128.3,
127.9,126.7, 125.9, 124.0, 115.8, 115.5, 111.2, (Ar), 62.1 (C6a),
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56.2 (ArOCHS), 52.8 (C5), 43.8 (=NCH,), 34.2 (C7), 29.1 (C4),
21.0 (ArOCOCH,). [a]® —213 (¢ 0.19, CHCL,). HRMS (EI):
417.1711 calc. for CagHa FNO; 417.1740.

(R)-(—)-11-Acetoxy-2-(4-trifluoromethylphenyl)-10-methoxy-
aporphine (7e). This compound was prepared in a similar
manner to 7a but using 4-trifluoromethylphenylboronic ester
6e as starting material which gave aporphine 7e as a yellowish
solid in a yield of 63%. R; = 0.13 in EtOAc.

Mp decomp. 89-91 °C. 64(300 MHz, CDCl,) 8.06 (br s, 1H,
H1), 7.68 (br s, 4H, 2-Ar), 7.31 (br s, 1H, H3), 7.15 (d, 1H,
H8/H9, J(8,9) = 8.2 Hz), 6.89 (d, 1H, H8/H9), 3.85 (s, 3H,
ArOCH;) 3.33-3.02 (m, 4H), 2.82 (dd, 1H, J = 19 Hz, J =
15.2 Hz), 2.58 (s, 3H, =NCH;), 2.65-2.50 (m, 2H), 2.25 (s, 3H,
ArOCOCH,). 6¢(75 MHz, CDCl;) 168.7 (ArOCOCH,), 151.1,
144.7, 137.9, 137.1, 135.5, 134.2, 131.7, 129.5, 127.9, 127.3,
127.2, 126.2, 126.0, 125.9, 124.4, 111.5 (Ar), 62.4 (C6a), 56.4
(ArOCH;), 53.0 (C5), 44.1 (=NCH,), 34.4 (C7),29.3 (C4),21.2
(ArOCOCH,). [a]y —170(c0.19, CHCL;). HRMS (EI): 467.1702
calc. for C,;H,,F;NO, 467.1708.

(R)-(—)-2-(4-Hydroxyphenyl)apomorphine hydromide bromide
(8a). Aryl methyl ether 7a (58 mg, 0.135 mmol, 1.0 eq.) was
dissolved in CH,Cl, (2 mL). To this solution was carefully added
BBr; (1.35mL, 1 M solution in CH,Cl,, 1.35mmol, 10 eq.) under
nitrogen. After 1.5 h the mixture was concentrated to dryness.
The residue was taken up in MeOH (10 mL) and refluxed
under nitrogen for 30 min before concentrating to dryness. After
dissolution of the resultant oil in MeOH (10 mL) and addition of
activated carbon, the mixture was heated to reflux and quickly
filtered through a pad of celite. Concentration of the mother
liquid followed by washing of the remaining oil with CH,Cl,
and CHCI; gave pure apomorphine hydrobromide 8a (22 mg,
37%) as an off-white solid.

Mp > 250 °C. 4(300 MHz, DMSO-d;) 9.90 (br s, 1H,
disappears with D,0), 9.65 (br s, 1H, disappears with D,0),
9.60 (br s, 1H, disappears with D,0), 8.85 (br s, 1 H, disappears
with D,0), 8.50 (br s, 1H, H1), 7.45 (d, 2H, 2-Ar, Joumo = 8.6
Hz), 7.35 (brs, 1H, H3), 6.35 (d, 2H, 2-Ar), 6.75 (d, 1H, H8/H9,
J(8,9)=7.9Hz),6.68 (d, |H, H8/H9), 4.35 (brs, |H, H6a), 3.76
(brs, 1H, H5,), 3.20-3.00 (m, 4H, =NCH; + H4,), 2.68 (t, 1H,
H7,, J(7,,7,) = 13.5 Hz). Three signals (from H4,, HS, and
H7,) coincide with the water signal at 3.33 ppm. d.(75 MHz,
DMSO-d;) 158.1, 145.9, 144.1, 140.2, 133.5, 131.5, 131.0, 128.6,
127.6, 125.6, 125.3, 125.2, 120.6, 119.6, 116.6, 115.1 (Ar), 62.2
(C6a), 52.2 (CS5), 31.6 (C7), 26.7 (C4). Signal corresponding
to =NCH; coincides with DMSO. [a]Z —183 (¢ 0.10, DMSO).
HRMS (EI): 358.1454, calc for C;;H) NO;* (M-1 peak of free
amine) 358.1443.

(R)-(—)-2-(4-Tolyl)-apomorphine hydromide bromide (8b).
Was prepared in a similar way as 8a except that 7b (35 mg, 0.0846
mmol) was used as starting material which gave 8b (23 mg, 62%)
as an off-white solid.

Mp > 250 °C. 94(300 MHz, DMSO-d,): 10.05 (br s, 1H,
disappears with D,0), 9.70 (br s, 1H, disappears with D,0),
8.85 (br s, 1H, disappears with D,0), 8.52 (br s, 1H, H1), 7.51
(d, 2H, 2-Ar, J oo = 8.1 Hz), 7.40 (br s, 1H, H3), 7.30 (d, 2H, 2-
Ar), 6.85-6.60 (m, 2H, H8 + H9), 4.38 (brs, | H, H6a), 3.78 (brs,
1H, H5,), 3.20-3.00 (m, 4H, =NCH; + H4,), 2.78-2.64 (m, 1H,
H7,). Three signals (from H4, + HS, + H7,) coincide with the
water signal at 3.33 ppm. d.(75 MHz, DMSO-d,) 145.9, 144.2,
140.1, 137.9 (2 signals), 133.7, 131.2, 130.5, 128.3, 127.3, 126.0,
125.7, 125.2, 120.5, 119.6, 115.2 (Ar), 62.2 (C6a), 52.2 (C5),
41.8 (= NCH,), 31.5(C7), 26.6 (C4), 21.6 (ArCHy). [a]5 —74.8
(c 0.13, DMSO). HRMS (EI): 356.1646, calc for C,,H,,NO,*
(M-1 peak of free amine) 356.1651.

(R)-(—)-2-Phenylapomorphine hydromide bromide (8c). This
compound was prepared in a similar manner to 8a except that
7¢ (29 mg, 0.0726 mmol, 1.0 eq.) was used as starting material
which gave 8¢ (18 mg, 58%) as a slightly brown coloured oil.





ou(300 MHz, CD;0D) 8.71 (d, 1H, H1, J(1,3) = 1.7 Hz),
7.68-7.58 (m, 2H, 2-Ar), 7.48-7.30 (m, 4H, 2-Ar + H3), 6.75 (d,
1H, H8/H9, J(8,9) = 7.9 Hz), 6.70 (d, 1H, H8/H9), 4.23 (dd,
1H, H6a, J(6a,7,) = 3.5 Hz, J(6a,7,) = 13.9 Hz), 3.80 (m, 1H,
H5,), 3.50-3.30 (m, 3H, H4,, H5,, H7,), 3.18 (s, 3H, =NCH,;),
3.20-3.10 (m, 1H, H4,), 2.82 (t, 1H, H7,, J(7,,7,) = 13.6 Hz).
0c(75 MHz, CD;0OD) 145.4, 143.8, 141.2, 140.7, 133.6, 130.0,
129.0,127.7,127.1,127.0,126.4,125.4,124.4,119.8,119.1, 114.4
(Ar), 63.1 (C6a), 52.7 (C5), 41.2 (=NCH,), 31.7 (C7), 26.3 (C4).
[a]*55s —100 (¢ 0.53, MeOH). HRMS (EI) 342.1496, calc for
C;HyNO," (M-1 peak of free base) 342.1494.

(R)-(—)-2-(4-Fluorophenyl)apomorphine hydrobromide (8d).
Aryl methyl ether 7d (117 mg, 0.280 mmol, 1.0 eq.) was taken
up in 33% HBr in AcOH (2.5 mL) and heated to 120 °C
under nitrogen for 36 h. The mixture was allowed to cool to
room temperature before concentration to dryness. The resultant
syrup was then taken up in conc. aqueous HBr (2.5 mL) and
heated to 120 °C under nitrogen for 2 h. The mixture was cooled
to room temperature before concentrated to dryness. The redish
solid was dissolved in MeOH (5 mL) followed by the addition
of activated carbon (100 mg) and heated to reflux. The slurry
was quickly filtered through a pad of celite and concentrated in
vacuo. The residue was taken up as a slurry in CH,CL,—EtOAc
(1 :7) and centrifuged. Washing of the solid several times with
EtOAc gave apomorphine 7d (32 mg, 26%) as an off-white solid.

Mp > 250 °C.34(300 MHz, CD;0D): 8.60 (brs, 1H, H1), 7.60
(dd, 2H, 2-Ar, J = 5.3 Hz, J = 8.7 Hz), 7.30 (br s, 1H, H3), 7.07
(t, IH, 2-Ar, J = 8.7 Hz), 6.70-6.55 (m, 2H, H8 + H9), 4.20 (br
d, 1H, Héa, J(6a,7,) = 13.1 Hz), 3.70 (br s, 1H, HS,), 3.50-3.15
(m, 3H, H4,, H5,, H7,), 3.15-2.96 (m, 4H, =NCH; + H4,),2.72
(t, 1H, H7,, J(7,,7,) = 12.4 Hz). 6.(75 MHz, CD,0D): 163.0
(d, 2-Ar, J(C,F) = —245 Hz), 145.3, 144.0, 140.1, 137.0, 133.6,
130.1, 128.8 (d, 2-Ar, J(C,F) = 8.1 Hz), 127.1, 126.2, 125.3,
124.5, 119.7, 119.1, 115.6 (d, 2-Ar, J(C,F) = 21.7 Hz), 114.4
(Ar), 62.8 (C6a), 52.5 (C5), 40.9 (=NCH,), 31.7 (C7), 25.9 (C4).
All aliphatic signals are broad. [a]Z, —118.0 (¢ 0.13, MeOH).
HRMS (ES): 360.1386, calc. for C,;H,,FNO,* (M-1 peak of
free base) 360.1400.

Binding studies

Binding studies and the functional assay,” except D, (con-
ditions “j”), were performed via the NIMH Psychoactive
Drug Screening Program (PDSP). Conditions for the individ-
ual binding assays are available from the PDSP homepage
(http://pdsp.cwru.edu/).

Binding studies (D)) were performed as follows. Membrane
preparation for homogenate: Male rats (240-260 g, SPRG) were
sacrificed by decapitation. The brains were quickly removed,
dissected into the areas of interest, and stored at —80 °C
until use. The selected brain areas (striatum and cerebellum)
were homogenized in Tris—HCI buffer (5 mmol Trisma Base,
120 mmol NaCl and 5 mmol KCI, pH 7.4) (ca. 1 g brain per
10 mL buffer) using a Polytron homogeniser and centrifuged
at 33000 G for 10 min. The pellet were homogenized and
centrifuged a second time in Tris—HCI buffer. The final pellet
were resuspended in Tris—-HCI buffer (ca. 1 g brain per 10 mL
buffer) and distributed in NUNC tubes (4.5 mL per tube). The
homogenate was stored at —80 °C until use. Approximately 5
rats are required per NUNC tube of homogenate, equivalent
to one binding experiments. In vitro determination of K; for
compounds 8a, 8¢ and 8d against the dopamine D, receptor
antagonist [*H]-raclopride in rat brain. Homogenate binding:
50 uL homogenate was incubated in 950 pL Tris—HCI buffer
(5 mmol Trisma Base, 120 mmol NaCl and 5 mmol KCI, pH 7.4)
containing 0.5 nM [*H]-raclopride and various concentrations
of the test compound (0.5 nM-5 uM) for 60 min, at 30 °C, as
described by Kohler.*® Inhibition with various concentrations
of NPA (0.5 nM-5 uM) was made as a reference. Non-specific
binding (NSB) was determined by the binding of 0.5 nM

[*H]-raclopride in cerebellum homogenate. The incubation was
terminated, as previously described® by filtration using a 24-
channel cell harvester (Brandel, Gaithersburg, MD, USA), SmL
Tris—HCI buffer was used for washing, and the samples filtrated
through a Whatman GF/B filter. The filters were soaked with
0.5% poly(ethylenimine) (0.5% PEI) prior to filtration in order
to reduce and stabilize non-specific binding to the filters. The
filters were then dried overnight and counted in an Ultima Gold
counter (Packard Instrument Company, USA). Determinations
were made in duplicates with three independent experiments.
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Catalytic decomposition of diazoacetylacetone, diazoacetoacetic, diazomalonic, and diazoacetic

esters using dirhodium tetraacetate in the presence of isothiazol-3(2H)-one 1,1-dioxides and a number of
N-(arenesulfonyl)carboxamides in solutions of methylene chloride or dichloroethane gives rise to O-alkylation of the
imidic carbonyl groups by Rh(i1)-carbenoids and the formation of O-alkylimidates as the final products. The reaction
proceeds with high chemoselectivity via carbonyl ylides and offers a powerful method for the synthesis in good yields
of the imidates with polyfunctional O-alkyl groups. On the basis of X-ray analysis and 'H- and "C-NMR studies it
was shown that the resulting acyclic O-alkylimidates have the E-configuration in the solid state and in solution.
Unlike acyclic analogues, the cyclic carbonyl ylide derived from substituted diazosaccharin by intramolecular
cyclization of the appropriate diketocarbenoid is capable of reacting with DMAD in a 1,3-cycloaddition process.

Introduction

Insertion reactions of metal-stabilized carbenes (carbenoids)
into X—H bonds of different compounds (X = C, N, O, S, etc.)
has become a recent standard procedure in organic synthesis."?
A special area in this field occupies the insertion of carbenoids
B into N-H bonds of amides, lactams and similar structures A
(Scheme 1), which took on great popularity after the elaboration
of a general approach for the synthesis of bicyclic f-lactams on
the basis of this transformation.? Since then, the high efficiency
of carbenoid N-H insertion was repeatedly demonstrated in the
synthesis of a wide variety of N-containing structures C.**

R__O  LM=CR?R®
R\l// " B R\(

“ReNay, > “R-N- opreRs
A o c

O

Scheme 1 Ordinary direction of Rh(i)-ketocarbenoid reactions with
amides, lactams and associated systems containing the CO-NH-moiety
in the molecule.

In the context of our research in the chemistry of
isothiazol-3(2H)-one 1,1-dioxides and their reactions with diazo
compounds® we undertook an attempt to realize the insertion
reaction of ketocarbenoids into the N-H bond of these 5-
membered cyclic imides as well as of their acyclic analogues,
N-(arenesulfonyl)carboxamides. The primary goal of the pre-
sented study was to develop a new strategy for the synthesis
of the potentially biologically active N-alkyl-functionalized
sulfonimides.”®

Sulfonimides possess a few nucleophilic groups that can
serve as potential centres for interaction with metal-stabilized
carbenes, exhibiting a pronounced electrophilic reactivity.'?
Nevertheless, one might expect that an electrophilic carbenoid

1 Electronic supplementary information (ESI) available: X-ray crys-
tal structures of compounds 4c and Sb. See http:/dx.doi.org/
10.1039/b508317f

i Dedicated to Professor Manfred Regitz on the occasion of his 70th
birthday.

i
=}
o DOI:10.1039/b508317f
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will primarily react with the nitrogen atom of an imidic system,
giving rise to N-alkylated sulfonimides as usually occur in
reactions of electrophiles with saccharins.” Basically, a similar
tendency is observed in the previously described reactions of
amides and lactams with a variety of carbenoids,*™’ although
in catalytic reactions of diazoacetic esters a few examples of
O-alkylation of the amide carbonyl group also exist."

According to our previous results!’ we now report the
Rh(11)-catalyzed decomposition of diazocarbonyl compounds
in the presence of isothiazol-3(2H)-one 1,1-dioxides 1 and N-
(arenesulfonyl)carboxamides 2.

Results and discussion
Chemical product studies of Rh(i1)-catalyzed reactions

Four cyclic sulfonimides were used in this research: 1,2-
benzisothiazol-3(2H)-one 1,1-dioxide (saccharin) 1a; two hydro-
genated analogues 4,5,6,7-tetrahydro-1,2-benzisothiazol-3(2 H)-
one and 5,6,7,8-tetrahydro-4 H-cyclohepta[dJisothiazol-3(2H)-
one 1,1-dioxides 1b,c respectively; and the monocyclic 5-methyl-
4-phenyl-isothiazol-3(2H)-one 1,1-dioxide 1d (Scheme 2).

o)
1 a b c d
rA
I, N-H Rgr Ph
RL q?
o, QOO X
1a-d Me
H
|
ROC” “SOAr  NFCRIR® L Rh=CReR®
2a-c 3a-d 3'a-d

2: R, Ar = Me, Tol (a); Me, p-CIC,H, (b); Ph, Tol (c)
3,3': R2, R = CO,Alk (a); COMe, CO,Et (b); COMe (c);
H, CO,Et (d)

Scheme 2 Isothiazole 1,1-dioxides 1, acyclic sulfonimides 2 and
diazocarbonyl compounds 3 for Rh(ir)-catalyzed reactions.
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Among the acyclic imidic substrates for our investigation were
selected N-(arenesulfonyl)carboxamides 2a-¢, with different
natures of the acyl substituents (COMe, COPh) on the imidic N
atom and para-substituents (Me, Cl) on the aryl ring.

Diketocarbenoids were generated from three different types
of diazocompounds: diazomalonic 3a and diazoacetoacetic 3b
esters; diazoacetylacetone 3c; and, for comparison, also from
diazoacetic ester 3d, which is stabilized with only one carbonyl
group (Scheme 2). Catalytic decomposition of diazocompounds
was performed by the addition of 1-2 mol% of dirhodium
tetraacetate at 15-20, 45 or 80-83 °C in dry dichloromethane or
dichloroethane. Upon completion of the reaction as indicated
by TLC, the reaction mixture was separated on the column with
neutral silica gel.

As could be expected, as a consequence of the catalytic
decomposition of diazocompounds 3a-d by Rh,(OAc), in the
presence of sulfonimides 1a—c and 2a,b the adducts of the imidic
substrates and the corresponding ketocarbenes in the ratio of 1 :
1 were isolated. Spectroscopic investigations, however, revealed
that the compounds obtained did not have the structure of the
assumed N-alkylated products. It turned out that they comprised
O-alkylimidates 4 and 5, that is, the formal insertion products of
the corresponding ketocarbenes into the O—H bond of the enol
form of imides 1 and 2 (Table 1). Reaction generally proceeded
with a good preparative yield (up to 90-95%) and by the data
of '"H NMR spectroscopy of the ‘crude’ reaction mixture the
occurrence of isomeric N-alkyl derivatives 6 of imides under
these conditions was not observed.

At the same time during the catalytic decomposition of diazo-
compounds 3a,c,d in the presence of sulfonimide 2¢ bearing the
N-aroyl substituent, after work-up of the reaction mixture only
the initial sulfonimide 2¢ (80-87%) was isolated, although from
the "H NMR data immediately upon completion of the catalytic
process significant amounts (>35-40%) of the corresponding
imidates 5i,j were detected in the reaction mixture (Table 1).
Variation of the reaction and experimental conditions (using
reduced temperature, separation of reaction mixture without
silica gel, etc.) did not give a positive result, evidently due to
the easy hydrolysis of O-alkylimidates 5i,j during the work-
up procedure, and we did not manage to isolate them in pure
form.

To summarize, it can be concluded that the above trans-
formation of cyclic and acyclic sulfonimides 1 and 2 offers a
new O-alkylation reaction of imidic carbonyl groups by metal-
carbenes and enables a one-stage synthesis of O-alkylimidates
with a polyfunctional framework in the molecule.

Spectroscopic investigations and structure of O-
alkylimidates 4, 5

Owing to the lack of literature data regarding the spectroscopic
properties of the O-alkylation products of imides by ketocar-
benoids, a detailed study of imidates 4 and 5 using 'H- and
BC-NMR spectroscopy was undertaken . The aim of this part
of our research was to elucidate the characteristic parameters of
O-alkylimidates 4 and 5 and the possibility of their subsequent

Table 1 O-Alkylation of isothiazol-3(2H)-one 1,1-dioxides 1 and acyclic sulfonamides 2 via Rh(i)-ketocarbenoids 3' from diazocarbonyl

compounds 3¢

H
R? o
R®  RnOAc,(1-5mol%) g

o

R

', N » N-H + N,=CR2R?
R-s0, CH,Cl,, 1,05-20h  R=S0,
-N -N,
4a-g, 5a-h 2 1,2 3a-d 6
Imidate R-R! R%, R? Yield (%)° Imidate R R' R%, R? Yield (%)”
4a ©: CO,Me, CO,Me 90 5a Me Tol CO,Me, CO,Me 90
4b ©: COMe, CO,Et 76 5b Me p-CIC,H, CO,Me, CO,Me 87
4c C( COMe, COMe 86! 5¢ Me Tol COMe, CO,Et 78
4d C{ H, CO,Et 80 5d Me p-CIC¢H, COMe, CO,Et 68
4e Qi CO,Et, CO,Et¢ 951 Se Me Tol COMe, COMe 77
n
4f QI COMe, COMe“ 86" 5f Me p-CIC,H, COMe, COMe 47
n
4g Ph CO,Et, CO,Et g1 5g Me Tol H, CO,Et 41
I 5h Me  p-CIC.H, H, CO,Et 28
Me 5i Ph Tol CO,Me, CO,Me >404
5§ Ph Tol COMe, COMe >354

“ For detailed reaction conditions see the Experimental section. ® Isolated yield after flash chromatography. ¢ Compound 4e, n = 1; 4f, n = 2.  From

the data of "H NMR spectra.
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Table 2

3C NMR spectra of imidates 4a—g, 5a,b,g,h and N-alkyl derivatives 6a—c in 0.2-0.3 mol solutions of CDCl,

Compounds 4, 5, 6 Signals of carbon atoms, J/ppm*

O-CHor N=C-Oor AlkO-C=0 or
Entry No. R?* R’ N-CH N-C=0 Me-C=0 Other C atoms
1 4a CO,Me, CO,Me  76.0 168.2 163.1 53.9 (OCH,), 122.2, 124.0, 125.5, 133.8, 134.7, 143.7 (C-arom.)
4e® CO,Et, CO,Et 76.3 170.6 162.9 14.1 (CH;), 20.4, 20.79, 20.84, 21.0 (CH,), 63.3 (OCH,), 131.9

(4-C), 155.2 (5-C)

3 4g®  CO,Et, CO,Et 77.1 170.8 162.9 14.3 (CHj;), 63.6 (OCH,), 126.5, 129.1, 129.2, 130.0 (C-arom.), 130.6
(4-C), 152.8 (5-C)

4 5a CO,Me, CO,Me  74.6 168.3 164.3 20.0 (CH;Ar), 21.9 (CH;C=N), 53.7 (OCHs), 127.2, 129.8, 138.3,
144.2 (C-arom.)

5 5b CO,Me, CO,Me  74.7 172.3 164.1 20.2 (CH;C=N), 53.7 (OCH,), 128.6, 129.5, 139.7, 139.8 (C-arom.)

6 4b COMe, CO,Et 82.3 168. 2 194.9, 162.7 14.1(CH;CH,), 27.5 (CH;CO), 63.3(CH;CH,), 122.2, 123.9, 125.7,
133.8, 134.8, 143.7 (C-arom.)

7 4c®  COMe, COMe 89.8 168.3 197.0 27.8 (CH;CO), 122.7, 123.9, 126.0, 134.2, 135.2, 144.1 (C-arom.)

8 4>  COMe, COMe 90.0 170.9 196.8 25.0, 25.5, 26.6, 26.8, 29.5 (CH,), 27.6 (CH;CO), 132.8 (4-C), 157.3
(5-C)

9 4d H, CO,Et 66.1 168.9 165.6 13.8 (CH;CH,0), 61.9 (CH;CH,0), 121.7, 123.5, 125.7, 133.6,
134.4, 143.2 (C-arom.)

10 5¢ H, CO,Et 63.8 172.6 166.5 13.8 (CH;CH,), 19.6 (CH;C=N), 21.4 (CH;Ar), 61.3 (CH;CH,),
126.6, 129.3, 138.3, 143.4 (C-arom.)

11 5h H, CO,Et 63.1 172.2 165.4 12.9 (CH;CH,), 19.0 (CH;C=N), 60.5 (CH;CH,), 127.2, 128.0,
138.1, 138.7 (C-arom.)

12 6a CO,Me, CO,Me  54.7 168.2 158.6 54.2 (OCH,), 121.7, 126.1, 127.0, 135.1, 135.8, 137.9 (C arom.)

13 6b H, CO,Et 39.1 165.9 158.7 14.0 (CH;CH,), 62.2 (CH;CH,), 121.2, 125.4, 126.9, 134.5, 135.2,
137.6 (C-arom.)

14 6c H, COCH,CO,Et 46.6 166.1 158.8 14.0 (CH;CH,), 46.54 (COCH,CO), 61.8 (OCH,), 121.2, 125.3,

126.8, 134.6, 135.2, 137.6 (C-arom.), 193.6 (NCH,CO)

“ For the sake of convenience the data for O-CH, N=C-0, N-C=0, N-CH, AlkO-C=0 and Me-C=0 groups are placed in the three first carbon

signal columns of the table. ® Data from the preliminary publication.'

use for the identification of similar compounds by spectroscopic
methods. Some of these results are considered below (Table 2);
other data are given in the Experimental section.

In the '"H NMR spectra sharp singlet signals of methine
(OCHR?R?; 5.4-5.9 ppm) or methylene group (OCH,CO,Et;
4.5-5.0 ppm) were observed. In the carbon spectra strong signals
of the same fragments (OCHR?R? and OCH,CO,Et) appear
at 75-90 and 63-66 ppm, respectively. The signal shift of the
methine carbon atom strongly depends upon the substituents R.
With two acyl substituents the corresponding atom was found
around 90 ppm (4¢,f). Replacement of one of them with an
alkoxycarbonyl group causes a high-field shift to 82 ppm (4b).
Incorporation of one more alkoxycarbonyl group (4a,e,g) results
in further shifting of the OCH signal to stronger field and was
hence found at 76-77 ppm.

The signals of the proton and carbon atoms of the O-CH
fragment in the NMR spectra of acyclic O-alkylimidates 5a,b
are typically observed in the same regions (5.4-5.5 and 74.6-
74.7 ppm) which were found for their analogues 4a,e,g in the
series of saccharins (5.7-5.9 and 76.0-77.1 ppm; Table 2).

Acyclic imidates 5 can exist as Z- and E-stereoisomers E-
5 and Z-5. According to the literature data,"” O-alkylimidates
with small substituents (Me, Et, etc.) at the C=N bond normally
have the E-configuration, but with bulky substituents (z-Bu, Ph
and others) on the carbon and nitrogen atoms of this bond, the
Z-stereoisomer also appears in equilibrium." In specific cases,
the E- and Z-isomers of the imidates can be separated using
flash chromatography or recrystallization of the stereoisomeric
mixture.'>"

N OCHRZ2Rs3 N R!
ArSOs~ \\r ArSOs~ Y
R’ OCHR?R3
E-5 Z-5

In the proton spectra of imidates 5a-h, bearing a methyl group
on the C atom of the C=N bond, only one signal for the protons
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of the O-CH group at 5.4-5.5 ppm or of the O-CH, group at
4.5-4.6 ppm were observed. Therefore, one can conclude that
the O-alkylimidates 5 in solution at ordinary temperatures most
likely persist as a single stereoisomer. In the '"H NMR spectrum
of the ‘crude’ reaction mixture of imidate 5i from sulfonimide
2¢ with the more bulky phenyl group at the C atom of the C=N
bond two separate signals were found (at 5.61 and 5.73 ppm).
It seems likely that in solution two stereoisomers of imidate
5i are present, but we were not able to isolate them as pure
products.

It also should be noted that compounds 4b,c,f and 5c—f with
an acetyl group in 1,3-dicarbonyl fragment of the molecule are
not enolized in solution and in the solid state, according to
NMR and IR spectroscopy. This is contrary to similar N-alkyl
derivatives from amides and lactams which exist solely in the
enol form.*** This finding greatly simplifies the spectroscopic
identification of O-alkylated sulfonimides.

The structures of 4 and 5 were also confirmed by X-ray
structure determination with adducts 4¢ and 5b, derivatives
of the cyclic 1 and acyclic 2 imides correspondingly, whose
geometry is presented in Fig. S1 and S2 (see ESIf). These
data unambiguously ascertained the structure of the resultant
compounds 4 and 5 as O-alkyl derivatives of the sulfon-
imides. On this basis it is also evident that O-alkylimidates
5 of acyclic sulfonimides have the E-configuration, and both
O-alkylimidates 4 and 5 have the s-cis conformation with regard
to the C(7)-O(3)CHR’R? bond.

N-Alkylation of sulfonimides 1 and 2 using alkyl halides

To produce isomeric N-alkyl derivatives 6 and by this means to
obtain indirect corroboration of the structure of O-alkylimidates
4 and 5 by chemical methods, a few reactions of sulfonimides 1
and 2 with electrophilic alkyl halides, namely — with bromo-
malonic, bromoacetoacetic and chloroacetic esters were also
studied. Reactions were carried out with sodium and potassium
salts of the imides 1a and 2a in solutions of dry DMF or THF.*®





Reaction of the sodium salt of saccharin la with the
above-mentioned alkyl halides in DMF solution produced the
relevant N-alkyl-substituted saccharins 6a—c¢ (Scheme 3). For
advantageous preparation of N-bis(alkoxycarbonyl)methylene
derivatives 6a from the sodium salt of saccharin 1a-Na and
the corresponding bromomalonates it was necessary to carry
out the reactions at a temperature of about 70 °C. Increasing
the temperature to 100-120 °C in the reaction with ethyl
bromomalonate resulted in the sole formation of N-substituted
saccharin 6b, probably due to the easy hydrolysis followed by
decarboxylation of one of the ester groups of the initially-formed
derivative of malonic acid 6a (R® = CO,Et) at temperatures
above 100 °C.'%

0
+ X-CHR2R3
/NNa _ /N—CHR2R3
SO,  DMF,50-100 °C SO,
1a-Na X =Br (a,c), Cl (b) 6a-c; 46-89%

6a: R?2, R = CO,Me (Et); b: R?=H, R3 = CO,Et;
c: R?2=H, R® = COCH,CO,Et

Scheme 3 N-Alkylation of isothiazole 1,1-dioxide la using alkyl
halides.

Positive results were not achieved in the experiments with
the acyclic sulfonimides 2a,b or their potassium and sodium
salts under the same conditions; also, substitution of DMF for
tetrahydrofuran'® in alkylation reactions of the sodium salt 1a-
Na with alkyl halides also failed.

As evident from spectral data of the N-substituted imides
6a—c, the major difference in the proton and carbon spectra of
isomeric O- and N-alkyl derivatives 4 and 6 is exhibited in the
location of the signals for H and C atoms of the methine and
methylene groups (O-CH, N-CH and O-CH,, N-CH,) (see
Table 2 and the Experimental section). The proton signals of
these groups shift to stronger field by 0.6-0.7 ppm upon moving
from O-alkylimidates 4a,d to the corresponding N-alkylation
products 6a and 6b, while the signals of the C atoms of the
same groups move to stronger field by 21-24 ppm. Pronounced
distinctions (4.5-6.5 ppm) are also found in the location of the
imidate and carbonyl carbon atoms (N=C-O and N-C=0) of
the sulfonimidic derivatives 4 and 6.

These correlations clearly demonstrate the essential differ-
ences in the proton and carbon NMR spectra of N- and O-
alkyl-substituted sulfonimides 4 and 6, and allow us to make
conclusive structural assignments based on these data.

Trapping of intermediate carbonyl ylide and likely pathway of
the reaction

The mechanism of formation of the O-alkyl imidates 4 and
5 apparently involves intermediate generation of the car-
bonyl ylide D due to initial attack of the electrophilic keto-
carbenoid 3’ on the carbonyl oxygen atom (Scheme 4).2+:6:10.17.18
The succeeding stabilization of ylide D into O-alkyl imidates
4 and 5 may occur by intramolecular NH group hydrogen

R2
+ | R4
7
+ 3 ~H
1, > R N-H o R 4’ 5
-L,Rh |& N '
" |R~s0o so2

p R*=Me, OAk E

Scheme 4 Carbonyl ylide pathway for O-alkylation of sulfonimides 1,
2 via ketocarbenoids 3.

transfer either via a [1,4]-sigmatropic hydrogen shift'* or by
H-migration to the anionic centre of the carbonyl ylide through
intermediate E.

Formation of the O-H insertion products 4, 5, by the
‘oxonium’ pathway involving the enol form of sulfonimides 1, 2
and then oxonium ylides, seems unlikely.!!

Attempts to obtain experimental support in favour of
the intermediate occurrence of carbonyl ylides D with the
help of their cycloaddition to dimethyl acetylenedicarboxylate
(DMAD)*'"8 using sulfonimides 1, 2 with an unsubstituted
N-H group have been unsuccessful. Catalytic decomposition of
diazomalonic ester 3a in the presence of imides 1a or 2a with an
excess of DMAD results in the formation of O-alkylimidates 4a
or Sa.

These data clearly indicate that the stabilization of carbonyl
ylide D via an intramolecular [1,4]-H-shift occurs more rapidly
than its intermolecular reaction with DMAD. Therefore, cy-
cloadducts of the carbonyl ylide and DMAD should be expected
using N-substituted sulfonimides with no possibility for H-
migration. However, similar catalytic reaction of diazomalonic
ester 3a with N-methyl- or N-phenyl-substituted saccharins le,f
in the presence of DMAD also failed to produce cycloadducts.
In both cases only the initial N-Me- and N-Ph-isothiazoles 1e,f
were found in the reaction mixture, together with significant
quantities of the bis(methoxycarbonyl)carbene ‘dimer’ (identi-
fied by NMR spectra).

In order to explain the reasons behind the unsuccessful
attempts of adding ‘intermolecular’ C=O-ylides D from N-
substituted saccharins le,f to DMAD, the reactivity of their
assumed ‘intramolecular’ analogue — carbonyl ylide D' — was
examined under the same conditions. For this purpose, N-alkyl-
substituted oxoisothiazole 1,1-dioxide 7 was prepared with the
diazocarbonyl moiety directly in the structure of the starting
substrate and without the ‘free’ hydrogen at the imidic nitrogen
atom (Scheme 5).

D’ 8

Scheme 5 Synthesis and catalytic decomposition of diazosaccharin
7 in the presence of DMAD. Reagents and conditions: a) BrCH,COCH,-
CO,Et, DMF, 90 °C, 46%; b) p-acetamidobenzenesulfonyl azide
(ABSA), Et;N, CH,Cl,, 20 °C, 84%; ¢) Rh,(OAc),, DMAD, CH,Cl,,
12 h, 61%.

The catalytic decomposition of this diazosaccharin 7 in
the presence of an 8-fold excess of DMAD resulted in the
formation of the relevant cycloadduct 8 of the intermediate
‘intermolecular’ carbonyl ylide D' with dipolarophile (DMAD)
in good yield (ca. 60%).

The essential discrepancy in reactivity of the ‘intermolecular’
D and ‘intramolecular’ D' carbonyl ylides could be explained in
the following manner. Owing to the presence of the substituent
(Me or Ph) at the imidic N atom in the molecule of carbonyl
ylide D, two bulky groups (CO,Alk, COMe) of the carbene
fragment are apparently positioned orthogonally to the plane of
the dipole C*—O-C~ and thereby cause severe steric hindrance
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for the approach of the dipolarophile to the reacting orbitals of
this ‘intermolecular’ C=0 ylide (Scheme 6).
<~ \N\ COR

\% N o
O%\ Me(Ph) o%
R
COR co
D D!

R = Me, OMe, OEt

Scheme 6 Different stereochemistries of ‘inter-’ and ‘intra-molecular’
carbonyl ylides D and D'.

By contrast, all four substituents at the dipole’s C atoms
are actually located in the plane of the 1,3-dipole itself in the
dipolar structure of the ‘intramolecular’ carbonyl ylide D'. As
a consequence of these changes, the steric problems for the
approach of DMAD to the reactive centers of ylide D! are clearly
removed and cycloaddition between these moieties can proceed
more effectively.

Thus, the main line of interaction of Rh(ir)-ketocarbenoids
with cyclic and acyclic sulfonimides is the initial attack on the
oxygen atom of the carbonyl group, with intermediate formation
of the carbonyl ylide that ultimately leads to O-alkylation
of these imidic substrates. As has already been mentioned
above, essentially only N-alkylation products of the starting
compounds were isolated in similar reactions of amides, lactams
and related structures with a variety of ketocarbenoids.’>>*!
The reason for such a drastic difference in the ketocarbenoid’s
reactivity with amides, lactams and sulfonimides 1 and 2 (as
investigated by us) is still not understood.

The amidic moiety (O=C-NH) of isothiazol-3(2H)-one
1,1-dioxides 1 and acyclic sulfonimides 2 is a typical am-
bident system,’ capable of interacting with electrophilic
reagents at the nitrogen or/and oxygen atoms of this group.
In view of the amide character of their structure the N-
substituted sulfonimides should be thermodynamically more
stable than the isomeric O-substituted derivatives related to
the imidate structure.”** This conclusion is corroborated by
numerous examples of irreversible thermal isomerisation of O-
alkyl(aryl)imidates into their associated N-derivatives,’6¢*-23
known as the Lander—Chapman rearrangement.'>*' The trend
toward oxygen-to-nitrogen rearrangement increases substan-
tially with multiple bonds and electron accepting groups in the
migrating fragment of the imidate.™ And in the presence of
a specific catalyst this rearrangement can take place even at
moderate temperatures, i.e. catalytic reaction can proceed by-
passing the stage of isolable O-alkyl derivatives.

Based on the aforesaid it may be suggested that initially in
the course of amide and lactam reactions with ketocarbenoids,
O-alkylation products F are generated (Scheme 7, route ‘a’) as
in the case of sulfonimides 1, 2 which then experience oxygen-
to-nitrogen rearrangement of the diketocarbene fragment under

o RO
“CHReR:| ~[13] R~

R\"/ e

L M=cRzRs | =RFN RN

B }r F c

~CHR2R3

RO (b —CHR2R3
“R¥ “H R/ ~[1.3] R
" N ¢ ,N-CHR2Rs3
A R-SO, R-SO,
4,5 6

Scheme 7 Assumed ways of carbenoid reaction with amides, lactams
(a) and sulfonimides (a).
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the reaction conditions; also, as the final products of this process,
N-derivatives C are produced.

For O-alkylimidates 4, 5 (route ‘b’), a similar rearrange-
ment can be presumably hindered in view of the bulky and
strongly electronegative SO, group adjacent to the end point of
migration. This group can strongly reduce the electrophilicity of
the o-N-atom and in addition prevent migration of the bulky O-
substituent to the nitrogen atom because of steric reasons. It is
apparently this reason that gives the opportunity for isolation of
the initial O-alkylation derivatives of sulfonimides from reaction
mixture.

Conclusion

We have shown that: (a) rhodium-catalysed decomposition
of diazocarbonyl compounds in the presence of saccharins
and N-(arenesulfonyl)acetamides is a powerful tool for the O-
functionalization of their carbonyl groups by reaction with
the transient ketocarbenoids; and (b) the discovered reaction
is a highly chemoselective process, which provides a new and
effective approach for the structure of O-alkylimidates from
oxoisothiazole 1,1-dioxides and N-(arenesulfonyl)acetamides.
The reasons for the dissimilar chemical behaviour of amides,
lactams and sulfonimides in reactions with metal-stabilized
carbenes are as yet unclear, and this is a subject of current
investigation in our laboratories.

Experimental
General notes

'H and BC NMR spectra were measured on VARIAN ‘Gemini
200’, ‘Gemini 300’ and BRUKER DRX-600 ‘AVANCE’ spec-
trometers, at working frequencies of 200, 300, and 600 MHz
for "H NMR and 50.3, 75.45 and 150.92 MHz for *C NMR
spectra; solutions were in CDCl; or DMSO-d;, internal standard
Me,Si (6, ppm), J values are given in Hz. Infrared spectra were
obtained using an ATI Mattson ‘Genesis Series FTIR’ or with
a Specord IR-75 instrument. Mass spectra were determined by
electron impact at 70 eV on a Quadrupol-MS VG 12-250 (VG
Instruments GmbH, Manchester Analytical). Microanalysis
was performed on an Heraecus CHNS Rapid Analyser. Melting
points were determined on a Boetius micro melting point
apparatus and were uncorrected.

All reactions were carried out in carefully dried and dis-
tilled solvents. Rhodium(i) acetate and saccharin la were
commercially available (Fluka). Other 3-oxoisothiazoles 1
and sulfonimides 2 were prepared according to the previous
publications®*?s and for extra purification they were sublimated
in vacuo at 30-50 °C/0.05 mm Hg. Diazodicarbonyl compounds
3a—c were prepared from the corresponding 1,3-dicarbonyl
compounds and arenesulfonyl azides using a diazotransfer
reaction*® followed by distillation in vacuo. Commercially
available diazoacetic ester 3d (Fluka) was distilled just before
carrying out the catalytic reaction, bp 58-60 °C/1 mm Hg.

Reactions were monitored by thin-layer chromatography
(TLC) on Silufol UV/VIS plates using 254 nm UV light
and J, as the visualizing agents. Neutral silica gel (MERCK
70-230 mesh or CHEMAPOL L 40/100) was used for column
chromatography.

General procedure for catalytic decomposition of diazomalonates
3a, diazoacetoacetic esters 3b and diazoacetylacetone 3c in the
presence of sulfonimides 1, 2 to produce O-alkylimidates 4a,b
and Sa—f

To a solution or suspension of sulfonimides 1, 2 (2.0 mmol)
and diazocompound 3a—c (2.3 mmol) in 5-15 mL in methylene
chloride or dichloroethane at 18-20 °C was added in one
portion 5-10 mg (11-23 umol) of dirhodium tetraacetate and





the mixture was stirred to completion of the decomposition
of the diazocompound (3-24 h in the case of diazomalonates 3a,
and 20-40 min for the decomposition of the diazocompounds
3b,c; control using TLC). The solvent was removed in vacuo
to a volume of 2-3 mL and the residue was filtered through
a small layer of neutral silica gel (eluent mixture of CH,Cl,—
Et,0 =1:1to 1:2). The isolated compounds were analyzed
by means of spectroscopic methods and, if need be for addi-
tional purification, they were crystallized from the appropriate
solvents.

After complete decomposition of the diazoacetoacetic ester
3b and diazoacetylacetone 3¢ in the presence of N-(4-Cl-
benzenesulfonyl)acetamide 2b and concentration of the resul-
tant mixture to a volume of 3—4 mL, the unreacted imide 2b
was separated by filtration and the mother liquid was treated
analogously to general procedure.

3-(Dimethoxycarbonyl )methoxy - 1,2 -benzisothiazole  1,1-
dioxide 4a. Yield 0.56g (90%), colorless crystals, R; = 0.18
(hexane-Et,O 1 : 1), mp 116-117 °C (from CH,Cl,~hexane)
(Found: C, 46.2; H, 3.7; N, 4.3. Calc. for C;;H,,NO;,S: C, 46.0;
H, 3.5; N, 4.5%); v (KBr)/cm™" 2997s, 2308vs, 1757m, 1337m,
1160m; 0y (300 MHz, CDCl;, Me,Si) 3.92 (6H, s, 20CH), 5.96
(1H, s, OCH), 7.73-7.93 (4H, m, H-arom.); m/z (EI) 313 (M*,
7.5%), 282 (15.3), 269 (7.5), 249 (27.8), 212 (27.5), 198 (50.4),
166 (35.6), 150 (10.9), 117 (50.8), 102 (100.0).

3-(Acetylethoxycarbonyl )methoxy - 1,2 - benzisothiazole 1,1-
dioxide 4b. Yield 0.31g (50%), colorless crystals, R, = 0.18
(hexane-Et,0 1: 1), mp 74 °C (from Et,0) (Found: C, 50.2; H,
4.2:N, 4.5; S, 10.3. Calc. for C;;H;;NO(S: C, 50.2;: H,4.2;: N, 4.5;
S, 10.3%); vy (KBr)/cm™ 3436, 1739, 1617, 1558, 1396, 1340,
1249, 1172, 592, 536; 6,(300 MHz, CDCl;, Me,Si) 1.32 (3H, t,
J 7.0, CH,), 2.46 (3H, s, CH;), 4.37 2H, q, J 7.0, CH,), 59 s
(1H,OCH), 7.2-8.3 (4H, m, H-arom.); m/z (EI) 311 (M*, 2.3%),
43 (100).

(Dimethoxycarbonyl)methyl ester of /N-(4-methylbenzene-
sulfonyl)imidoylacetic acid 5a. Yield 0.61g (90%), colourless
crystals, Ry = 0.33 (hexane-Et,O 1 : 1), mp 122-123 °C
(from CH,Cl,—petroleum) (Found: C, 49.0; H, 5.0; N, 4.1;
S, 9.3. Calc. for C,H;NO,S: C, 49.0; H, 5.0; N, 4.1; S,
9.3%); Vanax (CHCl3)/cm ™" 3020vs, 2940vs, 1750m, 1625m, 1154w;
01(300 MHz, CDCl;, Me,Si) 2.43 (3H, s, N=CCH,), 2.62 (3H, s,
CH;Ar), 3.7 (6H, s, 2 OCH,), 5.47 (1H, s, OCH), 7.31 (2H, d,
J 8.7, H-arom.), 7.75 (2H, d, J 8.7, H-arom.); m/z (EI) 343 (M*,
4.0%), 312 (2.2), 155 (76.1), 147 (47.4), 139 (6.7), 132 (3.8), 91
(100.0), 65 (21.5), 59 (9.3), 47 (10.1), 43 (7.7).

(Dimethoxycarbonyl)methyl ester of /N-(4-chlorobenzene-
sulfonyl)imidoylacetic acid S5b. Yield 0.63 g (87%), colourless
crystals, R, = 0.3 (hexane-Et,O 1 : 1), mp 104 °C (from
CH,Cl,—petroleum) (Found: C, 43.1; H, 3.9; N, 3.8; S, 8.85.
Calc. for C;H,CINO,S: C, 42.9; H, 3.9; N, 3.8; S, 8.8%);
Vmax (CHCL3)/cm™ 3024s,2932vs, 1747m, 1619m, 1322m, 1156m,
1082m, 650m; 04(300 MHz, CDCl;,, Me,Si) 2.64 (3H, s,
N=CCH,), 3.72 (6H, s, 2 OCH,), 5.45 (1H, s, OCH), 7.49 (2H,
d, J 7.8, H-arom.), 7.81 (2H, d, J 7.8, H-arom.); m/z (EI) 363
M+, 5.0%), 332(7.2),175(77.4), 167 (37.1), 159 (10.9), 152 (6.3),
111 (95.4), 65 (24.6), 59 (8.0), 47 (9.6), 43 (8.4).

(Acetylethoxycarbonyl)methyl ester of /N-(4-methylbenzene-
sulfonyl)imidoylacetic acid 5c. Yield 0.53 g (78%), oily com-
pound, R; = 0.24 (hexane-Et,O 2 : 1); 64(300 MHz, CDCl;,
Me,Si) 1.13 (3H, t, J 7.0, CH,CH,), 2.19 (3H, s, CH;C=0),
2.37(3H, s, CH;Ar), 2.56 (3H, s, N=CCH), 4.08 (2H, q, J 7.0,
CH,CH,), 5.41 (1H, s, OCH), 7.25 (2H, d, J 8.1, H-arom.), 7.68
(2H, d, J 8.1, H-arom.); m/z (EI) 341 (M*, 1.2%), 326 (1.4), 300
(3.3), 274 (1.9), 258 (12.8), 254 (4.8), 211 (4.8), 198 (4.7), 171
(7.7), 155 (84.0), 108 (53.8), 91 (100.0), 65 (35.9), 49 (28.2).

(Acetylethoxycarbonyl)methyl ester of /N-(4-chlorobenzene-
sulfonyl)imidoylacetic acid 5d. Yield 0.49 g (68%), oily com-
pound, R; = 0.27 (hexane-Et,O 1 : 1); 64(300 MHz, CDCl;,
Me,Si) 1.17 3H, t, J 7.4, CH,CH,), 2.21 (3H, s, CH,C=0),
2.61 (3H,s,N=CCH,),4.11 (2H, q,J 7.4,CH,CH;), 5.38 (1H, s,
OCH),7.46 (2H,d, /9.0, H-arom.), 7.76 (2H, d, J 9.0, H-arom.);
m/z (EI) 361 (M* 3.5%), 345 (7.1), 319 (16.4), 296 (7.8), 278
(40.3), 274 (20.2), 211 (77.0), 183 (61.1), 175 (19.7), 171 (22.2),
156 (19.4), 129 (36.1), 111 (25.0), 103 (16.6), 83 (99.3), 67 (66.6),
55(42.7), 43 (100.0).

(Diacetyl)methyl ester of /N-(4-methylbenzenesulfonyl)-
imidoylacetic acid Se. Yield 0.48g (77%), oily compound, R; =
0.23 (hexane-Et,O 2 : 1); 64(300 MHz, CDCl;, Me,Si) 2.14
(6H, s, 2 COCH;), 2.38 (3H, s, CH;Ar), 2.59 (3H, s, N=CCH,),
5.40 (1H, s, OCH), 7.28 (2H, d, J 8.0, H-arom.), 7.67 (2H, d,
J 8.0, H-arom.); m/z (EI) 311 (M*, 1.0%), 279 (1.2), 285 (1.2),
270 (16.0), 243 (7.2), 227 (15.2), 214 (15.3), 197 (6.24), 187 (8.3),
173 (12.6), 155 (20.0), 114 (19.5), 108 (13.0), 91 (69.5), 72 (32.0),
65 (26.5), 43 (100.0).

(Diacetyl)methyl ester of /N-(4-chlorobenzenesulfonyl)-
imidoylacetic acid 5f. Yield 0.31 g (47%), oily compound, R; =
0.25 (hexane-Et,O 1 : 1); 64(300 MHz, CDCl;, Me,Si) 2.16
(6H, s, 2CH,CO), 2.64 (3H, s, N =CCH), 5.40 (1H, s, OCH),
7.48 (2H, d, J 9.0, H-arom.), 7.75 (2H, d, J 9.0, H-arom.); m/z
(ED) 331 (M*, 4.1%), 290 (1.3), 272 (1.1), 253 (3.2), 248 (8.5),
214 (3.2), 175 (47.2), 159 (8.1), 153 (8.5), 141 (7.5), 128 (8.3),
111 (41.6), 75 (13.8), 43 (100).

Decomposition of diazoacetic ester 3d in the presence of imides
1a, 2a,b to produce O-alkylimidates 4d, 5g,h

(a) To a suspension of 0.5 g (2.7 mmol) saccharin 1a in 8 mL
of dichloromethane was added 7 mg (15.8 umol) of dirhodium
tetraacetate, then under stirring was added dropwise over
30 min a solution of 0.66 g (5.4 mmol) diazoacetic ester 3d in
4 mL CH,Cl, and reaction mixture was stirred for 20 min at
room temperature. The solvent was evaporated to a volume of
ca. 3 mL and residue was filtered through a small layer of silica
gel (eluent pentane—diethyl ether = 1 : 1), the main fraction was
dried with MgSQ,, and after removal of the solvents the imidate
4d was recrystallized from a mixture of CH,Cl,—petroleum =
2:1.

(b) To a solution of 2.55 g (12 mmol) imide 2a and 30 mg
(68 umol) Rh,(OAc), in 15 mL CH,Cl, was added dropwise
over 5 h a solution of 1.7 g (15 mmol) diazoacetic ester 3d
in 30 mL dichloromethane. On completion of the reaction
(control via TLC) the catalyst was removed by filtration of the
reaction mixture through a layer of silica gel (7 g), to obtain an
analytically pure sample of imidate 5g. The isolated compound
was additionally subjected to chromatography on silica gel (40 g,
eluent petroleum—-CH,Cl, =1:1).

(c) To a suspension of the imide 2b (0.5 g; 2.1 mmol) and
10 mg (22 pmol) of Rh,(OAc), in 15 mL CH,Cl, was added
dropwise with stirring over 1 h a solution of 0.48 g (4.2 mmol)
diazoacetic ester 3d in 20 mL CH,Cl,, and after work-up of the
reaction mixture in a similar way to the preceding experiment
was obtained the imidate Sh.

3-(Ethoxycarbonyl)methoxy-1,2-benzisothiazole 1,1-dioxide
4d. Yield 0.58 g (80%), colourless crystals, Ry = 0.2 (hexane—
Et,O 1 : 1), mp 76-77 °C (from CH,Cl,—petroleum) (Found:
C, 49.1; H, 4.1; N, 5.25. Calc. for C,;H,;;NO;S: C, 49.1; H,
4.1; N, 5.2%); Vi (KBr)/cm™' 3438s, 2983vs, 1756m, 1558m,
1398m, 1332m; 64(300 MHz, CDCl;, Me,Si) 1.31 (3H, t,
J 7.2, OCH,CH,), 4.3 (2H, q, J 7.2, OCH,CH;), 5.1 (2H, s,
CH,CO,Et), 7.73-7.9 (4H, m, H-arom.). HRMS, [M + H]*":
found 270.04304, calc. 270.04307.
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(Ethoxycarbonyl)methyl ester of N-(4-methylbenzenesulfonyl)-
imidoylacetic acid 5g. Yield 1.47 g (41%), colourless liquid,
R; = 0.23 (hexane-CH,Cl, 3 : 1), n? 1.5158 (Found: C, 52.2; H,
5.8; N, 4.6; S, 10.8. Calc. for C;;H;;NO;S: C, 52.2; H, 5.7; N,
4.7; S, 10.7%); Viax(KBr)/cm™" 2983vs, 1754m, 1621m, 1303m,
1159m, 682m; 6,;(300 MHz, CDCl;, Me,Si) 1.17 3H, t, J 7.2,
CH,CH,), 2.42 (3H, s, CH;Ar), 2.56 (3H, s, N=CCH;), 4.08
(2H, q, J 7.2, CH,CH,;), 4.62 (2H, s, CH,CO,Et), 7.31 (2H, d,
J 8.4, H-arom.), 7.79 (2H, d, J 8.4, H-arom.). HRMS, [M +
H]J*: found 300.09032, calc. 300.09002.

(Ethoxycarbonyl)methyl ester of /V-(4-chlorobenzenesulfonyl)-
imidoylacetic acid Sh. Yield 0.19 g (28%), colourless liquid,
R; = 0.26 (hexane-CH,Cl, 3 : 1) (Found: C, 45.1; H, 4.45; N,
4.3; S, 10.1. Calc. for C,,H,;NO;SCI: C, 45.1; H, 4.4; N, 4.4; S,
10.0%); Viax (KBr)/cm™" 2889vs, 1693m, 1561m, 1347m, 1130m,
636m;d4(300 MHz, CDCl;, Me,Si) 1.09 (3H, t, J 7.3, CH,CH,),
2.53(3H,s,N=CCH,),4.01 2H, q,J 7.3, CH,CH;), 4.54 (2H, s,
CH,CO,Et), 7.40 (2H, d, J 8.5, H-arom.), 7.75 (2H, d, J 8.5,
H-arom.); m/z (EI) 319 (M*, 3.8%), 274 (3.3), 216 (10), 175 (95),
152 (6.1), 128 (7.2), 111 (100.0), 103 (87.5), 75 (72.5), 59 (10.0),
50 (13.8), 42 (50).

N-Alkylation of the imide 1a using alkyl halides

(a) A solution of dimethyl bromomalonate (1 g, 4.7 mmol) in
1 mL DMF was added to 1 g (4.9 mmol) of sodium salt 1a-
Na in 2 mL DMF. The resultant mixture was heated for 3 h
at 70 °C, cooled, poured out into 15 mL of water, and the
precipitated N-alkylimide 6a was filtered off and crystallized
from a mixture of CH,Cl,~hexane = 1 : 1. In a similar reaction
with diethyl bromomalonate, after heating for 5 h at 120 °C,
N-(ethoxycarbonyl)methyl saccharin 6b was isolated in 95%
yield.

(b) A solution of 2.19 g (0.018 mol) ethyl chloroacetate in 4 mL
DMF was added to 3.69 g (0.018 mol) of saccharin 1a sodium
salt in 4 mL DMF. The resulting mixture was heated at 100 °C
for 8 h, cooled, poured into 20 mL of water, and precipitated
crystals of N-alkylimide 6b were filtered off and recrystallized
from a mixture of CH,Cl,—petroleum = 1: 1.

N-(Dimethoxycarbonyl)methyl-1,2-benzisothiazol-3(2 H)-one
1,1-dioxide 6a. Yield 0.9 g (61%), colourless crystals, Ry = 0.14
(hexane-Et,O 2 : 1), mp 156-157 °C (from CH,Cl,—hexane)
(Found: C, 46.0; H, 3.6; N, 4.3. Calc. for C,,H,,NO;S: C, 46.0;
H, 3.5; N, 4.5%); vn(CHClL;)/cm™ 3000s, 2937vs, 2298vs,
1745m, 1340s, 1177m; §,;(300 MHz, CDCl;, Me,Si) 3.87 (6H, s,
20CH,;), 5.26 (1H, s, NCH), 7.84-8.07 (4H, m, H-arom.); m/z
(EI) 313 (M*, 2.9%), 282 (3.9), 269 (18.4), 254 (84.2), 226 (36.8),
190 (26.3), 183 (68.4), 166 (18.4), 162 (13.1), 152 (15.7), 146
(28.9), 130 (13.1), 118 (10.5), 104 (76.3), 76 (100.0), 59 (42.1),
50 (55.2).

N-(Ethoxycarbonyl)methyl-1,2-benzisothiazol-3(2 H)-one 1,1-
dioxide 6b (R® = CO,Et). Yield 4.3g (89%), colourless crystals,
R; = 0.4 (hexane-CH,Cl, 1 : 1), mp 105-106 °C (from CH,Cl,)
(1it.,* 107 °C;'%* 94-95°C) (Found: C,49.2; H, 4.15; N, 5.2. Calc.
for C,;H;;NO;S: C,49.1; H, 4.1; N, 5.2%); v (KBr)/cm™" 3446
(73), 2992 (75), 1749 (49), 1459 (64), 1267 (64); 6,(200 MHz,
CDCl;, Me,Si) 1.25 (3H, t, J 7.2, OCH,CH,;), 4.23 (2H, q,
J 7.2, OCH,CH,), 4.42 (2H, s, CH,CO,Et), 7.86-8.05 (4H, m,
H-arom.).

Synthesis and catalytic decomposition of diazo saccharin 11

(a) To a solution of the Na-salt of saccharin 1a (9.8 g,
0.048 mol) in 12 mL. DMF was added 10.1 g (0.048 mol) of
v-bromoacetoacetic ester under heating to 50 °C. The mixture
was stirred at 90 °C for 3 h, cooled, poured into 100 mL of cold
water, and the precipitated crystals were filtered off, washed
with water and dried. To prepare an analytically pure sample
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the resultant substance 6¢ was recrystallized from a mixture of
petroleum—CH,Cl, = 1: 1.

N-(3'-Ethoxycarbonyl-2'-oxopropyl)-1,2-benzisothiazol-3(2 H)-
one 1,1-dioxide 6¢c. Yield 6.8 g (46%), colourless crystals,
R; = 0.35 (hexane-Et,O 1 1), mp 100-101 °C (from
CH,Cl,—petroleum) (Found: C, 50.2; H, 4.2; N, 4.5. Calc. for
C;;H;;NOGS: C, 50.2; H, 4.2; N, 4.5%); vy (KBr)/cm™"' 3469s,
2981vs, 1731m, 1330m, 1184m; (200 MHz, CDCl;, Me,Si)
1.27 3H, t, J 7.0, OCH,CH,), 3.6 (2H, s, COCH,CO), 4.21
(2H, q, J 7.0, OCH,CH,), 4.67 (2H, s, NCH,), 7.83-8.03 (4H,
m, H-arom.); m/z (EI) 311 (M*, 3.2%), 265 (13.5), 266 (16.2),
196 (100.0), 169 (8.1), 132 (59.3), 115 (40.1), 104 (35.4), 87
(13.5), 76 (29.7), 50 (16.0), 43 (51.4).

(b) A solution of Et;N (0.71 g, 7 mmol) in 5 mL CH,Cl,
was added under cooling to a mixture of N-alkyl saccharin 6¢
(2 g, 6.4 mmol) and p-N-(acetyl)benzenesulfonyl azide (1.52 g,
6.7 mmol) in 10 mL CH,Cl,. The obtained mixture was stirred at
18-20 °C until completion of the diazotransfer process (ca. 2 h,
control via TLC). The precipitated sulfonamide was separated
by filtration, and the residue from the mother liquid after evap-
oration of the solvent and Et;N was chromatographed on silica
gel (20 g, eluent: petroleum—diethyl ether = 1 : 4). The resulting
diazocompound 11 was recrystallized from diethyl ether.

N+3-Diazo-3-ethoxycarbonyl-2-oxopropyl)-1,2-benzisothiazol-
3(2H)-one 1,1-dioxide 7. Yield 1.8 g (84%), pale-yellow crystals,
R; = 0.25 (hexane-Et,O 1 : 1), mp 147-148 °C (from Et,0)
(Found: C, 46.3; H, 3.3; N, 12.4. Calc. for C;;H,,N;0O,S: C,
46.3; H, 3.3; N, 12.5%); v (KBr)/cm™' 3525vs, 2154s, 1739m,
1708m, 1673s, 1338m, 1309w; J,(300 MHz, CDCl;, Me,Si) 1.36
(3H,t,J 7.2, OCH,CH,), 4.21 (2H, q, J 7.2, OCH,CH,), 4.99
(2H, s, NCH,CO), 7.83-8.09 (4H, m, H-arom.); -(75.5 MHz,
CDCl;, Me,Si) 14.2 (CH;CH,0), 45.2 (NCH,), 61.9 (OCH,),
75.7 (C=N,), 121.0, 125.1, 126.9, 134.4, 135.0, 137.6 (C-arom.),
159.0 (NC=0), 159.0 (CO,Et), 182.5 (CH,C=0); m/z (EI) 337
(M*, 1.1%), 309 (8.3), 292 (3.7), 282 (2.3), 212 (7.9), 196 (100.0),
169 (8.3), 145 (15.3), 132 (11.1), 104 (27.9), 77 (27.8), 76 (28.0),
69 (6.9), 50 (11.6).

(c) To a solution of diazosaccharin 7 (1.0 g, 2.9 mmol)
and 3.26 g (23 mmol) DMAD in 5 mL CH,Cl, with stirring
was added 13 mg (29.4 pumol) of dirhodium tetraacetate. The
evolution of N, started 10 min after the addition of the
catalyst and proceeded for 12 h (control using TLC), therewith
the reaction product crystallized gradually from the reaction
mixture as a white powder. After complete decomposition of
the diazo compound 7 the precipitate of adduct 8 was filtered
off and carefully washed with dichloromethane.

2,3-Dimethoxycarbonyl-4-ethoxycarbonyl-5-oxo-8,8-dioxo-
9,10-benzo-11-oxa-8-thia-7-aza-tricyclo[5,3,1'#0""Jundec-2,9-
dien 8. Yield 0.8 g (61%), colourless crystals, R, = 0.09
(hexane-CH,Cl, 1 : 3), mp 198-199 °C (from CH,Cl,) (Found:
C, 50.6; H, 3.8; N, 3.1. Calc. for C,,H,,NO,,S: C, 50.55; H, 3.8;
N, 3.1%); Ve (KBr)/cm~" 3627m, 2956m, 1758vs, 1733vs, 1648s,
1313vs; 04(600 MHz, CDCl;, Me,Si) 1.31 (3H, t, J 7.2, CH;),
3.65 (3H, s, CH;), 3.94 (3H, s, CH;), 4.33, 4.40 (2H, dq, J 10.8,
7.12, OCH,CH;), 4.32 (1H, d, J 18.8, NCH,CO), 4.72 (1H, d,
J 18.8, NCH,CO), 7.69-7.93 (4H, m, H-arom.); d.(150 MHz,
CDCl;, Me,Si) 14.1 (OCH,CH,), 48.2 (6-C), 53.3 (OCH,), 53.6
(OCH,), 63.7 (OCH,CH,), 92.5 (4-C), 97.6 (1-C), 121.8, 126.2,
131.2 (10-C), 132.7, 134.1, 135.5 (9-C) (C-arom.), 134.6 (2-C),
143.9 (3-C), 159.3, 161.2, 161.9 (all C=0, ester), 184.8 (5-C);
m/z (EI) 451 (M*, 1.1%), 423 (28.5), 350 (7.1), 331 (38.5), 286
(100.0), 258 (27.1), 227 (7.8), 169 (6.4), 141 (11.4), 59 (5.7).

Crystal structure determination of imidates 4c and Sb

Single crystals of the compounds 4¢ and 5b suitable for X-ray
diffraction were selected directly from the analytical samples.





Table 3 Crystallographic data for imidates 4c and 5b

Parameter 4c 5b
Formula C,H,(NO;S C,;H,NO,CIS
Crystal system Triclinic Triclinic
Space group Pl P1

a/A 7.6162(5) 8.051(1)
b/A 9.1924(5) 8.774(2)
c/A 10.6592(6) 11.745(2)
al/® 107.647(1) 91.894(3)
BI° 97.265(1) 105.771(3)
7/° 110.172(1) 90.555(3)
V/A3 644.88(7) 797.9(2)
zZ 2 2
D./gcm™ 1.443 1.514
(Mo Ka)/mm™' 0.266 0.405
2000 /° 28.6 27.0
Measured/unique reflections 417372907 4891/3383
Rin 0.0138 0.0159
Parameters refined 217 264

R1, wR2 [I > 20(1)]
R1, wR2 (all data)

0.0379, 0.1069
0.0417, 0.1104

0.0425, 0.1046
0.0639, 0.1219

Crystallographic measurements were made using an AXS
BRUKER 1 K CCD-detector (graphite monochromated Mo
Ka radiation (4 = 0.71073 A), empirical absorption correction
using SADABS.* The essential experimental conditions and
crystal data are given in Table 3. The structures were solved
by direct methods and refined in the anisotropic approximation
for the non-hydrogen atoms using SHELXS-86 and SHELXL-
97.2< All H atoms were located by difference Fourier map and
refined isotropically.

CCDC reference numbers 270185 (4¢) and 270186 (5b). See
http://dx.doi.org/10.1039/b508317f for crystallographic data
in CIF or other electronic format.
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Organic semiconductors containing metal binding sites within their molecular backbones are of a general interest in
organic materials chemistry. In this paper, we describe a straightforward synthetic procedure, which gives access to a
series of 2-(oligothienyl)-[1,10]phenanthrolines (nT-phen), 2,9-bis(oligothienyl)-[1,10]phenanthrolines (nT-phen-nT)
and 2,2'-(oligothienyl)bis-[1,10]phenanthrolines (phen-nT-phen). By a Negishi-type cross coupling of
2-iodo-[1,10]phenanthroline or 2,9-diiodo-[1,10]phenanthroline with in situ generated o-zinc derivatives of different
mono-, ter-, and quinquethiophenes we were able to synthesize the corresponding oligothienyl-phenanthrolines in
medium to excellent yields. Furthermore, characterization of the optical properties of the new materials indicated that
the two subunits, oligothiophene and phenanthroline, are in n-conjugation. Characterization of the redox properties
revealed additional evidence for the role of [1,10]phenanthroline as a n-bridging unit in the nT-phen-nT series.

Introduction

n-Conjugated oligomers have developed into an important class
of organic compounds which in contrast to corresponding
polymers are monodisperse and structurally well-defined.! In
particular, oligothiophenes have been synthesized and investi-
gated to a great extent as they not only represent model com-
pounds establishing valuable structure—property relationships,
but also promising materials in their own right.? Implementation
of oligothiophenes as active components in organic electronic
devices such as light emitting diodes,? field-effect transistors* and
more recently solar cells® showed that they even might surpass
the characteristics of the corresponding polymers and approach
those of amorphous silicon-based devices.®

New material properties can be achieved when the conju-
gated backbone is decorated with functional groups.” In this
respect, it is of great interest to implement coordinative binding
sites with the ability to coordinate metals.® The incorporation
of ligands such as 2,2'-bipyridine (bpy), [2,2":6',2"]terpyridine
(tpy) and [1,10]phenanthroline (phen) and corresponding metal
complexes in a m-conjugated structure allows the fine tuning
of important physical properties, e.g. redox behaviour or pho-
tophysical properties.® Further general applications of ligand-
functionalized =m-conjugated structures are found in metal-
templated synthesis of novel supramolecular architectures.'

Different copolymers consisting of alternating oligothio-
phenes and bpy units along with their Ru" and Os" complexes
had been synthesized and photophysically characterized." Bin-
uclear Ru"(bpy);-complexes had been studied, where oligothio-
phene bridging units of different length had been employed."
Metal cross-linked oligothiophene—Ru(bpy);"* hybrid materi-
als had been reported and were characterized with respect
to their metal-centred and thiophene-centered electroactivity
and overall conductivity.”® A very interesting topological ap-
proach towards a polyrotaxane ion sensor had been achieved
by the use of polythiophene-Ru(bpy);"* structures.” In the
field of thiophene-substituted ¢py materials, Ziessel and co-
workers contributed a class of ditopic #py ligands, bridged with
ethynylthiophene moieties.”® Their use as ligands in multinuclear
metal complexes were found to contribute to a significant
extent to triplet lifetimes. Electrochemical polymerization and

1 Present address: NOVALED GmbH, Zellescher Weg 17, 01069
Dresden, Germany.

This journal is © The Royal Society of Chemistry 2005

characterization of a bithiophene-substituted Os" (tpy), complex
have been reported by another team.'

Only a few cases of m-conjugated polymers with chelating
phen subunits are known, despite the more rigid structure and
therefore enhanced stability of phen chelate complexes. The syn-
thesis and complexation behaviour of a polyphenanthroline and
a more soluble dialkoxy derivative had been reported” as well
as a copolymer consisting of phen and dialkoxyphenyl groups,
whose emission properties could be fine-tuned by complexation
of different metals.”® At least two examples of n-conjugated poly-
mers are known, in which an interlocking of the polymer strands
was induced by a polymerization of preformed pseudotetrahe-
dral M(phen),”* complex monomers. phen-Bridged pyrroles®
or phen-bridged oligothiophenes®® had been used as starting
materials for these compounds. Beyond this, a polyrotaxane
structure based on 3,8-bis(oligothienyl)phenanthroline moieties
has been reported.”!

Despite these most interesting contributions involving phen-
substituted m-conjugated substrates, the synthesis and charac-
terization of larger series combining phen and thiophene units
and the subsequent determination of structure—property re-
lationships still remained as a challenge. The first exam-
ples of 2,9-bis(oligothienyl)-[1,10]phenanthrolines®* and 3,8-
bis(terthienyl)-[1,10]phenanthrolines® have been published only
recently. Herein, we now report the efficient synthesis of various
series of oligothiophene-phenanthrolines (nT-phen, nT-phen-
nT and phen-nT-phen) in which the length of the oligothiophene
has been varied systematically (Scheme 1) as well as the ratio
of the two subunits. The characterization of their electronic
properties results in valuable structure-property relationships
which give a basis for the synthesis of more sophisticated
oligothiophene-based topologies such as interlocked conjugated
macrocycles comprising phen-units as complexing moieties.?

Result and discussion
Synthesis

Two general ways are known towards the synthesis of 2,9-
diarylated [1,10]phenanthrolines. The first method focuses on
the ability of [1,10]phenanthroline to undergo a nucleophilic
addition of aryl-lithium compounds selectively at the 2- and
9-position. Subsequent oxidative rearomatization results in the
desired 2-aryl- or 2,9-diaryl-[1,10]phenanthrolines, depending
on the kind of the employed aryl-lithium compound.?® The
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Scheme 1 Oligothiophene building blocks and series of oligothiophene-phenanthrolines.

second route utilizes transition metal-catalyzed cross-coupling
reactions of halogenated [1,10]phenanthrolines and metalated
arylenes. Up to know, attempts utilizing Stille-***5 Suzuki-** and
Negishi-type” cross-coupling conditions had been reported.

In our first approach, we started from commercially avail-
able [1,10]phenanthroline which was reacted with a twofold
excess of the in situ prepared 2-lithio-3,4-dibutylthiophene 1. A
comparable method had been described previously along with
the use of different thienyllithium reagents and their reaction
with [1,10]phenanthroline.®® In fact, we found similar results
as reported in this publication and after aqueous quenching
and oxidative rearomatization of the intermediate product we
could only isolate the monosubstituted thienyl-phenanthroline
5 in 74% yield. A further addition—oxidation sequence gave
dithienyl-phenantholine 6 in 44% yield which corresponds to
a moderate overall yield of 33% starting from [1,10]phenanthro-
line (Scheme 2).

Bu Bu
toluene, THF, r.t.
_ =

2.H,0, NH,CI
3. MnO,, CHCl,

4 A
- \=

5 [74%]

In a similar reaction sequence, we prepared terthiophene-
substituted [1,10]phenanthrolines. Utilizing an excess of lithiated
3. 4'-dibutyl-terthiophene 2 in both steps, we received mono-
substituted terthienyl-phenanthroline 7 in 49% yield and the
disubstituted derivative 8 in only 17%, resulting in a poor
overall yield of 8% for 8 (Scheme 3). In the synthesis of
the higher alkylated terthienyl-phenanthroline 9, made from
lithiated 3,3”,4,4"-tetrabutyl-terthiophene 3 and [1,10]phenan-
throline, we observed a large number of by-products after
oxidative rearomatization that complicated chromatographic
separation. Finally, derivative 9 could be isolated in 45% yield
which is comparable to the other terthienyl-phenanthroline 7.
A mixture of by-products could be separated from the main
product showing the presence of "*C chemical shifts typical
for carbonyl group signals. This led us to the conclusion that
oxidative processes at the butyl side chains, most likely in direct
proximity to the phenanthroline residue, might occur. Using the

Li
toluene, THF, r.t.
_—
2. H,0, NH,CI
3. MnO,, CHCl,

S
Z By

6 [44%]

Scheme 2 Monothienyl-phenanthrolines by nucleophilic addition-reoxidation.
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Scheme 3 Terthienyl-phenanthrolines by nucleophilic addition-reoxidation.
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same reaction conditions as for the synthesis of compound 8,
the corresponding 2,9-bis(terthienyl)-phenanthroline 10 could
not be successfully prepared from 9. These experimental re-
sults clearly show the difficulty of the nucleophilic addition—
rearomatization protocol for the linkage of longer oligothio-
phenes to[1,10]phenanthroline. In addition, the necessary excess
of the terthiophene which had to be used in these preliminary
assays is problematic for the synthesis of larger amounts of the
desired material.

A different synthetic approach was then developed utiliz-
ing transition metal-catalyzed cross-coupling of halogenated
phenanthrolines and metalated thiophene derivatives. As iod-
inated aryl compounds show high reactivity in this type of reac-
tion, we started our approach from 2-iodo-[1,10]phenanthroline
13 and 2,9-diiodo-[1,10]phenanthroline 14. Both compounds
are available from their chlorinated analogues 11 and 12,
which were prepared according to literature procedures.® Nu-
cleophilic halogen substitution under acidic conditions was
previously reported as a tool for the synthesis of 2,9-diiodo-
[1,10]phenanthroline 14.* We slightly changed the procedure by
reacting chlorine derivatives 11 and 12 with an excess of sodium
iodide in concentrated hydroiodic acid, which contained a small
amount of hypophosphorous acid. Control of the parameters
temperature and reaction time evolved to be vital for a successful
synthesis procedure. 2-Iodophenanthroline 13 was prepared at
120 °C at a reaction time of 4 hours, while the synthesis of 2,9-
diiodophenanthroline 14 led to optimum results after 4 days
at 80 °C. Compounds 13 and 14 could finally be isolated
in yields of 77% and 91%, respectively (Scheme 4). For the
synthesis of the first series of oligothiophene-phenanthrolines,
2,9-diiodophenanthroline 14 was cross-coupled with a-zincates
of 3,4-dibutylthiophene 1, dibutylterthiophene 2 and tetrabutyl-
terthiophene 3, respectively, and Pd[PPh;], as the catalyst. The
zincates were prepared by lithiation of the starting materials
with one equivalent n-butyllithium (n-BuLi) in THF, followed
by a subsequent transmetalation with a slight excess of dry zinc
chloride in THF (Scheme 5).

HI, H,PO,

13 [77%]

[

HI, HsPO,

14 [91%]

Scheme 4 Synthesis of iodinated phenanthrolines.

All reactions proceeded well at room temperature within
several hours, and the reaction mixtures were subsequently
quenched with an excess of aqueous ammonia. After chro-
matographic separation, dithienyl-phenanthroline 6 was ob-
tained in 89% yield, while the corresponding terthiophene
derivatives 8 and 10 were available in yields of 61% and
62%, respectively. In mass spectrometric analyses of the crude
terthienyl-phenanthrolines, we could observe higher terthienyl-
phenanthroline homologues along with starting material. We
assume that monolithiation did not occur fully selectively lead-
ing to a mixture of unreacted, monometalated and dimetalated
species during the lithiation—transmetalation sequence. This
general problem which typically occurs in metalations of olig-
othiophenes was even more evident in the reaction of the longest
representative, quinquethiophene 4. The corresponding zincate
was cross-coupled with 2,9-diiodophenanthroline 14 under Pd°-
catalysis to give 34% of bis-quinquethienyl-phenanthroline 15
as the main product, along with 14% of a second product
16, which was identified to be mixed oligomer 5T-phen-5T-

Pd[PPh,],, THF

Bu, Bu
4 \ s - .
Pd[PPh,],, THF

14

6 [86%]

s A\
\ / s ZnCl

Pd[PPh,],, THF

10 [62%]

Scheme 5 Oligothienyl-phenanthrolines by Negishi-coupling.

phen-5T which probably had been formed by reaction of 2,9-
diiodophenanthroline 14 and a mixture of mono- and dimeta-
lated quinquethiophene 4 (Scheme 6).

15 [34%)]

16 [14%]

Scheme 6 Quinquethienyl-phenanthrolines by Negishi-coupling.
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Oligothiophenes end-capped with phenanthroline moi-
eties were available by reacting two equivalents of 2-
iodophenanthroline 13 with two-fold zincated tetrabutylterthio-
phene 3 and quinquethiophene 4, respectively. In both cases, Pd°-
catalyzed cross-coupling was performed under the same condi-
tions as described above. From the product mixtures, we were
able to isolate the expected oligothienyl-bis-phenanthrolines 17
in 56% yield and 18 in 27% yield, along with monosubstituted
oligothienyl-phenanthrolines 9 and 19 in 34% and 45% yield,
respectively. These results clearly indicate that it is difficult to
achieve complete two-fold metalation of terthiophene 3 as well
as of quinquethiophene 4, even when longer reaction times
are applied. Nevertheless, in both cases the oligothienyl-
phenanthrolines 9 and 19 could be well separated from products
17 and 18 due to their very different chromatographic behaviour
(Scheme 7).

Optical properties

Absorption and fluorescence spectra of three series with the
general structures nT-phen (5,7, 9, 19), nT-phen-nT (6, 8, 10, 15)
and phen-nT-phen (17, 18) (n = number of thiophene rings) were
measured in dichloromethane. The optical properties of the ref-
erence oligothiophenes 2, 3 and 4*° and of [1,10]phenanthroline®
had been investigated previously (Table 1). The maximum
absorption wavelengths of terthiophene 3 (1,., = 342 nm) is
slightly red-shifted in comparison to terthiophene 2 (1., =
335 nm) coming from an increasing number of alkyl side chains
in 3. As expected, corresponding the pentamer 4 (4,,,, = 386 nm)
shows a bathochromic shift, which is also accompanied by an
increase of the extinction coefficients. [1,10]Phenanthroline as
a second parent system absorbs in a regime (A, = 264 nm)

Bu Bu Bu Bu

I N s 14
ClZn s \ JIns ZnCl

[n=1,2]

Pd[PPh,],, THF

which does not interfere with the n—n* absorption of the olig-
othiophenes. nT-phen Derivatives 5, 7, 9 and 19 as well as phen-
nT-phen compounds 17 and 18 throughout show a pronounced
bathochromic shift of the longest wavelength absorption and a
simultaneous increase of the extinction coefficient compared to
the parent oligothiophenes (7/2: AJ™ = 65 nm, 9/3: AA™ =
50 nm, 19/4: A2® = 22 nm). Therefore, the coupling of a phen
to an oligothiophene core leads to an increase of the overall
conjugation. This effect is even more pronounced when a second
phenanthroline residue is attached to the oligothiophene core
represented in phen-nT-phen 17 and 18. A further red-shift and
extension of the effective m-conjugation is evident (9/17: AA®™ =
19 nm, 19/18: A2*® = 11 nm). If one compares the absorption
maxima of differently alkylated 3T-phens 7 and 9 a blue-shift
(AZ*™ = 8 nm) occurs despite the fact that compound 9 bears
more alkyl side chains. This indicates that in 9 the phen and
3T unit is distorted due to steric hindrance.

The coupling of two oligothiophene residues to a phen unit
leads to the series nT-phen-nT comprising compounds 6, 8,
10, and 15. In comparison to the nT-phen series, in general,
a hypsochromic shift of the longest wavelength absorption band
is to notice which decreases with increasing oligothiophene
chain length (6/5: A2™ = —8 nm, 8/7: AA™ = —4 nm, 10/9:
A = =22 nm, 15/19: AA™ = —1 nm). This effect seems
to be in contrast to a further extension of the conjugated =-
system, nevertheless, the emission maxima of the nT-phen-nT
oligomers are red-shifted compared to the parent nT-phen class
(6/5: A2*™ = 6 nm, 8/7: AA™ =22 nm, 10/9: A" = 28 nm and
15/19: Ai™ = 8 nm). In the nT-phen-nT series, steric constraints
are evidently dominating the molecular structure in the ground
state whereas in the excited state rather rigid planar and quinoid
conformations are adopted.

17 [n=1, 56%)]
18 [n=2, 27%)]

9 [n=1, 34%)]
19 [n=2, 45%]

Scheme 7 Synthesis of oligothiophene-bridged phenanthrolines.

Table 1 Spectroscopic data of [1,10]phenanthroline,* oligothiophenes 2—4* and oligothienyl-phenanthrolines 5-10, 15, 17-19

Amax /M &/Lmol™! cm™ log (&) Amax™/0IM D55 ™ (%) AE,,/eV*
phen 264 31000 4.49 358 <1 n.d.
2 (3T*) 335 16000 4.20 n.d. n.d. n.d.
337 342 18500 4.27 441 50 3.12
4(5T) 386 26600 443 526 220 2.69
5 (1T-phen) 305 18400 4.26 417 7¢ 341
7 (3T*-phen) 400 28300 4.45 503 14° 2.74
9 (3T-phen) 392 25900 441 504 14% 2.76
19 (5T-phen) 408 39600 4.60 553 28° 2.57
17 (phen-3T-phen) 411 37400 4.57 519, 542 25b 2.63
18 (phen-5T-phen) 419 52300 4.72 551, 581 30° 2.52
6 (1T-phen-1T) 297 31000 4.49 423 14¢ 3.32
8 (3T*-phen-3T%*) 396 46700 4.67 512 17° 2.76
10 (3T-phen-3T) 370 49000 4.69 532 17% 2.73
15 (5T-phen-5T) 407 67400 4.83 561 23b 2.54

“Band gaps are determined from the 0—0 transitions in normalized absorption and emission spectra. ® Relative to standard 9,10-diphenylanthracene.
¢ Relative to standard anthracene. n.d. = not determined. 3T* denotes 3',4'-dibutylterthiophene.
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For the various series we also measured fluorescence quantum
yields which roughly depend on the oligothiophene chain length.
As an example, in the nT-phen series emission intensity is
stepwise doubled on going from 1T-phen 5 (® = 7%), to 3T-
phens 7 and 9 (& = 14%), and to 5T-phen 19 (& = 28%). This is
a well-known behaviour found for other oligothiophene series.*
The influence of the phen units on the emission intensities is
not significant and is rather subtle. E.g., comparison of 5T-
derivatives reveals that coupling of a phen unit slightly increases
the fluorescence quantum yield (5T 4: @ = 22%; ST-phen-5T 23:
@ = 23%; 5T-phen 19: @ = 28%; phen-5T-phen 18: @ = 30%).
Absorption and corrected emission spectra of the latter ST-series
(4, 15, 18 and 19) as representative examples are displayed in
Fig. 1. Typically, broad and rather non-structured bands are
observed.

Electrochemical investigations

Whereas optical measurements provide an estimation of the
energy difference of the frontier orbitals which correlate to the
(optical) band gap AE,, , the absolute energetic positions of
the HOMOs and LUMOs can be derived from redox potentials.
Redox potentials of various phenanthroline-oligothiophenes
were determined by cyclic voltammetry (CV) in dichloro-

methane (¢ = 1 x 107 mol 17') using tetrabutylammonium
hexafluorophosphate (TBAHFP, 0.1 M) as supporting salt and
are given versus the internal standard ferrocene/ferricenium
(Fc/Fc*). For some compounds, reductions were measured in
THF-TBAHFP (0.1 M). Comparison of the CVs to those of
the reference oligothiophenes 2—4 and that of phenanthroline
facilitates the assignment of the individual redox waves in the
hybrid systems (Table 2).

With increasing oligothiophene chain length, as a general
trend, the number of the redox transitions increases which
progressively shift to more negative potentials. In the nT-phen
series, 1T-phen 5 shows a first irreversible redox transition
at £, = 1.06 V which corresponds to the formation of a
thiophene radical cation, dialkylated 3T*-phen 7 at 0.55 V
(Fig. 3) and tetraalkylated 3T-phen 9 at 0.46 V reflecting the
electron-donating effect of the side chains. Pentamer 5T-phen
19 is reversibly oxidized at 0.34 V and shows a second and
third redox wave at E°, = 0.57 V and E°; = 0.74 V due to
the formation of a di- and trication, respectively (Fig. 3). In
comparison to the parent oligothiophenes 24, in the hybrid
systems only a marginal effect of the phen group is to notice
for 3T*-phen 7 (AE’, = 40 mV) whereas identical potentials are
determined for the other compounds in the series. We find the
same correlations in the phen-nT-phen series (17/3: AE®, = 0
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Fig. 1 UV/Vis-absorption and corrected emission spectra (excitation at A,,") of oligothiophene 4 and oligothiophene-phenanthrolines 15
(5T-phen-5T), 18 (phen-5T-phen) and 19 (5T-phen) in CH,Cl, (¢ = 10~ mol I').

Table 2 Redox potentials of phenanthroline, oligothiophenes 2—4* and oligothienyl-phenanthrolines 5-10, 15, 17-19 in V vs. Fc/Fc*

Oxid. Red.
E"\/V E,/V E/V E°/V E°/V E"\/V E,/V E°/V AEqy/eV
phen —2.62
2 (3T*) 0.59
3(37) 0.46
4(5T) 0.34 0.57
5 (1T-phen) 1.06¢
7 (3T*-phen) 0.55¢
9 (3T-phen) 0.46 1.13
19 (5T-phen) 0.34 0.57 0.74 —-2.33 2.67
17 (phen-3T-phen) 0.46 0.83
18 (phen-5T-phen) 0.32 0.51 —2.26° —2.50 —2.78 2.52
6 (I T-phen-1T) 0.94¢
8 (3T*-phen-3T*) 0.47¢ 0.64°
10 (3T-phen-3T) 0.38 0.55 0.67 0.86 1.11
15 (5T-phen-5T) 0.26 0.38 0.49 0.65 0.83 —2.16* 2.54

“Irreversible wave, E° determined at I° = 0.855 x I,,. » Two-electron transfer. 3T* denotes 3',4'-dibutylterthiophene.
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Fig.2 Cyclic voltammogram of phen-5T-phen 18 in THF-TBAHPF (0.1 M, left) and in CH,CL,-TBAHPF (0.1 M, right) at 295K, V' =100 mV s7!).

mV; 18/4: AE’, = —20 mV), whereas in contrast in the nT-phen-
nT series, throughout lower oxidation potentials are noticed in
comparison to the parent compounds (8/2: AE’, = —120 mV;
10/3: AE’, = —120mV; 15/4: AE’, = —80mV). The same trends
are true for the terthiophene series 3T 3, 3T-phen 9 and phen-3T-
phen 17 and 3T-phen-3T 10. Therefore, in the nT-phen-nT series
the phen unit acts as a bridge between the two oligothiophene
moieties extending n-conjugation.

This behaviour is further supported by the comparison of
CV data obtained for a constant oligothiophene chain length,
but varying number of phen units. The CV of phen-5T-phen 18
exhibits two reversible redox waves at E°, = 0.32 V and E°, =
0.51 V (Fig. 2) and in shape and position of the potentials fully
resembles that of parent 5T 4 (E°, = 0.34V, E°, = 0.57 V). The
electrochemical behaviour of 5T-phen 19 is very similar, however,
a third redox wave arises which we attribute to the formation
of a 5T-trication (E°, = 0.34 V, E°, = 0.57 V, E°; = 0.74 V).
In the case of 5T-phen-5T 15, however, five separated redox
transitions are visible which are correlated with the successive
charging of each oligothiophene unit (E°, = 0.26 V, 5T**-phen-
5T; E°, = 0.38 V, 5T*"-phen-5T**; E°; = 0.49 V, 5T* -phen-5T*";
E’, = 0.65 V, 5T*-phen-5T*"; E°s = 0.83 V, 5T*-phen-5T*").
The mean values of E° /E°, (0.32 V) and E°;/E°, (0.57 V) are
in good agreement with the first and second redox potential of
phen-5T-phen 18, 5T-phen 19 and 5T 4 indicating full conjugation
and “communication” via the phen bridge. This finding is very
important for the development of conjugated macrocycles and
catenanes built from corresponding nT-phen-nT subunits.?

For various 5T-derivatives CVs were taken in the electrolyte
system THF-TBAHFP (0.1 M) in order to analyze reduction
processes in the negative potential regime. Whereas parent
compound phen exhibits a quasireversible reduction at —2.62 V
vs. Fc/Fc*, the coupling of phen to an oligothiophene in 5T-phen
19 results in a decreased reduction potential of —2.33 V (AE°, =
0.29 V) which is further decreased in 5T-phen-5T 15to —2.16 V
due to the second electron-donating quinquethiophene unit

E IV vs. Fc/Fc'

(AE°, = 0.15 V). The reduction of derivative phen-5T-phen 18
(E°, = —2.26 V) is only slightly lower in comparison to 5T-
phen 19 (Fig. 2) These results further support that electronic
coupling and conjugation are operative between the donor and
acceptor units. In the same line and in accordance with the
optical data, band gap AE., which is determined from the
difference between the first oxidation and reduction potential
and correlates with the HOMO-LUMO gap becomes smaller
when the m-system is increased: AEqy = 2.67 eV for 5T-phen
19; 2.60 eV for phen-5T-phen 18 and 2.40 eV for 5T-phen-5T 15
(Table 2).

In the case of derivatives containing shorter thiophene blocks,
redox waves are irreversible indicating follow-up reactions of the
radical cations and dications. In the nT-phen series, e.g. for 3T*-
phen 7, in subsequent scans the formation of a coupling product
at more negative potentials is visible which we attribute to the
dimer, sexithiophene phen-6T*-phen (Fig. 3). Repeated scanning
on 3T*-phen-3T* 8 leads to the formation of a polymer film
containing (6T-phen) repeating units on the working electrode
which is characterized by a broad redox wave at lower potentials.

Conclusion

In summary, we were able to develop an efficient synthesis of a
variety of oligothiophene-substituted [1,10]phenanthrolines in
good overall yields and purities by Pd-catalyzed Negishi cross-
coupling reactions of iodinated phenanthrolines and zincated
oligothiophenes. Several series of hybrid systems were generated
with varying length of the oligothiophene chain (1T, 3T, 5T) and
varying ratio of both components (nT-phen, phen-nT-phen, nT-
phen-nT). The optical and redox properties were determined and
structure—property relationships deduced showing the ability
of the 2,9-substituted phenanthroline unit to contribute to the
overall conjugation. These new types of n-conjugated materials
that contain intrinsic metal chelating moieties® serve as model

E/V vs. FelFc

Fig. 3 Cyclic voltammograms and polymerization behaviour of the 3T*-phenanthroline derivatives 7 (left) and 8 (right) (10~ M solutions in
CH,Cl,-0.1 M TBAPF, at 295 K, V' = 100 mV s7'). 3T* denotes 3',4'-dibutylterthiophene.
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Scheme 8 Atom numbering scheme for '"H-NMR assignment.

compounds and precursors in the synthesis of m-conjugated
macrocycles and corresponding interlocked catenanes.?

Experimental

Solvents and reagents were purchased from Aldrich, Merck
and ABCR unless otherwise stated and purified and dried
by standard methods prior to use. The following com-
pounds were prepared according to literature procedures: 3,4-
dibutylthiophene 1,** 3 .,4'-dibutyl-[2,2":5, 2"]terthiophene 2,*
3,4,3" 4"-tetrabutyl-[2,2":5',2"|terthiophene 3,>¢ 3,4,3",4",3",
4" -hexabutyl-[2,2":5',2":5",2":5" 2" |quinquethiophene 4,5 2-
chloro-[1,10]phenanthroline 11,® 2,9-dichloro-[1,10]phenan-
throline 12.2 All metal organic reactions were carried out in a
dry argon atmosphere using Schlenk techniques. Preparative col-
umn chromatography was performed on glass columns packed
with silica gel (Merck Silica 60, particle size 0.04-0.063 mm).
Thin layer chromatography was carried out on silica gel Si60 F,s,
(Merck). NMR spectra were recorded on a Bruker Avance 400
spectrometer. A general scheme for '"H-NMR atom numbering is
outlined in Scheme 8. EI and CI mass spectra were recorded on a
Finnigan MAT SSQ-7000, FAB on a Finnigan MAT TSQ-7000
(matrix nitrobenzyl alcohol), ESI on a Waters-Micromass ZMD
(samples sprayed from THF-15% water—1% HCOOH solutions)
and MALDI-TOF from on a Bruker Daltonics Reflex III (matrix
1,8,9-trihydroxyanthracene). Elemental analysis was performed
on an Elementar Vario EL device. Optical measurements were
carried out in 1 cm cuvettes with Merck Uvasol grade solvents,
absorption spectra recorded on a Perkin Elmer Lambda 19
spectrometer and fluorescence emissions spectra on a Perkin
Elmer LS 55 spectrometer.

2-lodo-[1,10]phenanthroline (13)

Under continuous stirring hypophosporous acid (50%, 0.2 mL)
was added to hydroiodic acid (57%, 7 mL) until a colourless
solution appeared. 2-Chloro-[1,10]phenanthroline 11 (1.50 g,
7.00 mmol) and sodium iodide (1.57 g, 10.5 mmol) were added
and the resulting solution heated for 4 h at 120 °C. After cooling
to 0 °C, aqueous ammonia was added until the solution showed
alkaline reaction. A precipitate was formed and filtered off,
washed several times with water and dried in vacuum. Recrys-
tallization from ethanol containing a small amount of aqueous
ammonia gave 13 (1.65 g, 77%) as a buff coloured solid. Mp:
190 °C (decomposition); '"H-NMR ([D]chloroform): 6 = 9.21
(dd,*J =4.3Hz,*J = 1.8 Hz, 1 H, H-9), 8.21 (dd, *J = 8.1 Hz,
*J=1.7Hz,1H,H-7),797(d,*J =8.1Hz, 1 H, H-4), 7.80 (d,
3J =2.4Hz, 1H,H-5),7.78 (d,*J = 3.0 Hz, 1 H, H-6), 7.70 (d,
3J =8.8Hz, 1 H, H-3),7.62 (dd, *J =8.1 Hz,*J = 4.4 Hz, | H,

H-8); *C-NMR ([D]chloroform): 6 = 151.0, 147.6, 145.2, 137.0,
136.1,134.6, 128.9, 127.9, 127.4, 126.2, 123.5, 119.3; MS (FAB):
m/z 307 [M + HJ*; elemental analysis (%) calcd for C,H;IN,:
C47.09, H 2.31, N 9.15, found: C 47.12, H 2.39, N 9.12.

2,9-Diiodo-[1,10]phenanthroline (14)

Under continuous stirring hypophosporous acid (50%, 1.2 mL)
was added to hydroiodic acid (57%, 44 mL) until a colourless so-
lution appeared. 2,9-Dichloro-[1,10]phenanthroline 12 (5.50 g,
22.1 mmol) and sodium iodide (13.3 g, 88.4 mmol) were added
and the resulting solution heated for 4 h at 80 °C. After cooling
to 0 °C, aqueous ammonia was added until the solution showed
alkaline reaction. A precipitate was formed and filtered off,
washed several times with water and dried in vacuum. Recrystal-
lization from CH,Cl,—hexane gave 12 (7.95 g, 83%) as a yellowish
solid. Mp: 251 °C (decomposition); 'H-NMR ([D]chloroform):
0=28.01(d,*J =82Hz 2H, H-3),7.82(d,’J =84Hz 2 H,
H-4), 7.78 (s, 2 H, H-5); *C-NMR ([D]chloroform): 6 = 146.4,
137.0,135.1, 128.1, 127.0, 119.9; MS (ESI): m/z 455 [M + Na]"*,
433 [M + HJ*; elemental analysis (%) calcd for C,H¢I,N,: C
33.36, H 1.40, N 6.48; found: C 33.49, H 1.49, N 6.51.

2-(3,4-Dibutylthien-2-yl)-[1,10]phenanthroline (5)

3,4-Dibutylthiophene 1 (3.93 g, 20.0 mmol) was dissolved in
THF (40 mL) and cooled to —78 °C. n-BulLi in n-hexane
(12.6 mL, 20.0 mmol) was slowly added, the resulting solution
stirred for 1 h and after removing the cooling bath stirred for
an additional hour. The intermediate lithiated thiophene was
added at 0 °C to a suspension of [1,10]phenanthroline (1.80 g,
10.0 mmol) in toluene (40 mL). After stirring for 24 h at rt, the
reaction was quenched by adding a saturated aqueous NH,Cl
solution. The organic phase was separated and the aqueous
residue washed several times with CH,Cl,. After drying and
evaporation of the solvent, the product was dissolved in CHCl,
(100 mL) and MnO, (17.4 g, 200 mmol) was added in small
portions over a time of 4 h. Filtration and evaporation of the
solvent yielded an oily product, which was purified by flash
chromatography (silica, hexane-THF 80:20) to afford 5 (2.79 g,
74%) as a white solid. Mp: 66 °C; "TH-NMR ([D]chloroform):
0=09.18(dd,*J =4.4Hz*J =1.8Hz, 1 H,H-9),8.21(d,*J =
8.4 Hz, 1 H, H-4), 8.20 (dd, °J = 8.0 Hz, *J = 1.7 Hz, 1 H,
H-7),7.86 (d,*J =8.4Hz, 1 H, H-3),7.76 (d,*J = 8.8 Hz, 1 H,
H-6), 7.72 (d, *J = 8.7 Hz, 1 H, H-5), 7.59 (dd, °J = 8.1 Hz,
*J =43 Hz, 1 H, H-8), 7.06 (s, 1 H, H-D), 3.08 (t,*J = 8.1 Hz,
2 H, H-a), 2.62 (t, *J = 7.8 Hz, 2 H, H-a'), 1.59-1.72 (m, 4 H,
H-b,c), 1.37-1.51 (m, 4 H, H-b',¢'), 0.99 (t,°J = 7.3 Hz, 3 H, H-
d), 0.89 (t,*J = 7.3 Hz, 3 H, H-d'); *C-NMR ([D]chloroform):
0 =154.5,150.4, 146.5, 146.3, 144.1, 141.6, 138.5, 136.4, 135.8,

| Org. Biomol. Chem., 2005, 3, 4143-4152

| 4149






129.1, 126.9, 126.3, 126.1, 122.9, 122.4, 121.8, 32.9, 32.2, 29.0,
27.6,23.2, 22.8, 14.2, 14.0; MS (EI): m/z 374 [M]*, 345 [M —
C,H;]*; elemental analysis (%) caled for C,,H,xN,S: C 76.96, H
7.00, N 7.48; found: C 77.00, H 7.08, N 7.47.

2-(3 ,4-Dibutyl-[2,2":5,2"|terthien-5-yl)-[1,10]phenanthroline (7)

Terthiophene 2 (9.40 g, 26.1 mmol) was dissolved in THF
(260 mL) and cooled to —78 °C. n-BuLi in hexane (16.4 mL,
26.1 mmol) was slowly added and after 40 min, the cooling bath
was removed and a solution of [1,10]phenanthroline (3.14 g,
17.4 mmol) in THF (25 mL) was added. After 3 d at rt, the
reaction was quenched by adding a saturated aqueous NH,Cl
solution. The organic phase was separated and the aqueous
residue washed several times with CH,Cl,. After drying and
evaporation of the solvent, the product was dissolved in CHCl,
(250 mL) and MnO, (50.0 g, 575 mmol) was added in small
portions over a time of 4 h. Filtration and evaporation of the
solvent yielded an oily product, which was purified by flash
chromatography (silica, CH,Cl,) to afford 7 (4.60 g, 49%) as a
gold coloured solid. Mp: 62 °C; '"H-NMR ([D]chloroform): § =
9.19 (dd, °*J = 4.3 Hz, “J = 1.6 Hz, 1 H, H-9), 8.14 (dd, °J =
8.0Hz,*J =1.7Hz 1 H, H-7), 8.09 (d, °*J = 8.4 Hz, | H, H-4),
7.87(d,*J =8.4Hz, 1 H, H-3),7.78 (d,*J = 3.9 Hz, 1 H, H-B),
7.64 (d,*J =8.8 Hz, 1 H, H-6), 7.62 (d, *J = 8.8 Hz, 1 H, H-5),
7.55(dd, *J = 8.1 Hz, *J = 4.3 Hz, 1 H, H-8), 7.29 (dd, *J =
5.2Hz,*J=1.1Hz, 1 H,H-D"),7.19(d,*J =3.9 Hz, 1 H, H-C),
7.16 (dd, *J = 3.6 Hz, “*J = 1.1 Hz, 1 H, H-B"), 7.05 (dd, *J =
5.2Hz,*J =3.6Hz, 1 H, H-C"), 2.85 (t,°J = 8.1 Hz, 2 H, H-a),
2.73 (t,*J = 8.2 Hz, 2 H, H-a'), 1.41-1.63 (m, 8 H, H-b,b',c,¢),
1.00 (t,°J = 7.3 Hz, 3 H, H-d), 0.95 (t,*J = 7.2 Hz, 3 H, H-d);
BC-NMR ([D]chloroform): 6 = 152.3,150.4, 146.1, 146.0, 144.4,
140.6, 140.3, 139.6, 136.6, 136.2, 135.9, 130.4, 130.2, 129.1,
127.4,126.7, 126.5, 126.2, 125.9, 125.4,122.9, 119.1, 32.9, 32.7,
28.0, 27.9, 23.1, 23.0, 14.0, 13.9; MS (CI): m/z 539 [M + H]*;
elemental analysis (%) calcd for C;,H;N,S;: C 71.34, H 5.61, N
5.20; found: C 71.27, H 5.70, N 5.15.

2-(3,4,3" 4"-Tetrabutyl-[2,2":5',2"|terthien-5-yl)-
[1,10]phenanthroline (9)

Diisopropylamine (1.65 mL, 11.3 mmol) was dissolved in THF
(40 mL) and cooled to —78 °C. After addition of n-BuLi in
hexane (7.38 mL, 11.8 mmol), stirring for 15 min at —78 °C
and 30 min at 0 °C, the solution was cooled to —78 °C
again. The LDA solution was added to terthiophene 3 (4.71 g,
9.96 mmol) in THF (100 mL). The reaction mixture was stirred
for 30 min at —78 °C and subsequently added to a solution of
[1,10]phenanthroline (1.28 g, 7.12 mmol) in THF (40 mL) at
rt. After 6 d, the reaction was quenched by adding a saturated
aqueous NH,Cl solution. The organic phase was separated and
the aqueous residue washed several times with CH,Cl,. After
drying and evaporation of the solvent, the product was dissolved
in CHCI; (200 mL) and MnO, (40.0 g, 460 mmol) was added in
small portions over a time of 2 h. Filtration and evaporation of
the solvent yielded an oily product, which was purified by flash
chromatography (silica, CH,Cl,) to afford 9 (2.10 g, 45%) as a
yellow solid. Mp: 90 °C; "H-NMR ([D]chloroform): § = 9.20
(dd,*J =43 Hz,*J = 1.7 Hz, 1 H, H-9), 8.22 (d, *J = 8.5 Hz,
1 H, H-4),8.21 (dd,*J = 8.0 Hz,*J = 1.7 Hz, 1 H, H-7), 7.89 (d,
3J=8.4Hz,1H,H-3),7.76 (d,°J = 8.8 Hz, 1 H, H-5 or 6), 7.73
(d,*J=8.8Hz,1H,H-50r6),7.60(dd,*J =8.0Hz,*J =4.3 Hz,
1 H, H-8),7.21(d,*J =3.8Hz, | H,H-B), 7.09 (d, °J = 3.8 Hz,
1 H, H-C), 6.88 (s, 1 H, H-D"), 3.11 (t, *J = 8.1 Hz, 2 H, H-a),
2.84 (t,°J =8.2 Hz,2 H, H-2'), 2.76 (t, °*J = 8.1 Hz, 2 H, H-a"),
2.56 (t,*J = 7.5 Hz, 2 H, H-a"), 1.43-1.67 (m, 16 H, H-b to H-
b”, H-c to H-¢”), 0.90-1.01 (m, 12 H, H-d to H-d”); "C-NMR
([D]chloroform): 6 = 153.8, 150.5, 146.5, 146.3, 143.7, 142.9,
140.6, 139.4, 139.0, 137.3, 137.0, 136.4, 135.9, 132.8, 131.0,
129.1,127.0, 126.4, 126.3, 126.2, 126.1, 123.0, 122.2,119.2, 33.2,
33.1,32.9, 32.0,29.0, 28.0,27.7,23.3,23.2,23.1,22.8, 14.2, 14.1,

4150

Org. Biomol. Chem., 2005, 3, 4143-4152

14.0; MS (CI): m/z 651 [M + H]*; elemental analysis (%) calcd
for C,oHyN,S;: C 73.80, H 7.12, N 4.30; found: C 73.90, H 7.18,
N 4.25.

2,9-Bis(3,4-dibutyl-thien-2-yl)-[1,10]phenanthroline (6)

Dibutylthiophene 1 (5.75 g, 29.3 mmol) was dissolved in THF
(60 mL) and the solution cooled to —78 °C. n-BuLi in hexane
(18.4 mL, 29.3 mmol) was slowly added and the reaction stirred
for 1 h at —78 °C and an additional hour after removing the
cooling bath. After cooling again to —78 °C, dry ZnCl, (4.39 g,
32.2mmol) in THF (25 mL) was added and the reaction mixture
stirred for 30 min and additional 30 min after removing the
cooling bath. In a second flask, 2,9-diiodophenanthroline 14
(4.21 g, 9.75 mmol) and Pd[PPh;], (488 umol, 565 mg) were
stirred in THF (20 mL) and the zinc organic solution was
transferred to this slurry by means of a double ended needle
technique. After 24 h at rt, the reaction was quenched by
adding aqueous ammonia. The organic phase was separated
and the aqueous residue washed several times with CH,Cl,.
After drying and evaporation of the combined organic phases,
the oily product was purified by flash chromatography (silica,
petroleum ether—CH,Cl, 65 : 35) yielding 6 (4.79 g, 86%) as a
white solid. Mp: 84 °C; "H-NMR ([D]chloroform): d = 8.18 (d,
’J =8.4Hz,2 H, H-4), 7.87 (d,*J = 8.3 Hz, 2 H, H-3), 7.68 (s,
2 H, H-5), 7.09 (s, 2 H, H-D), 3.27 (t, *J = 7.9 Hz, 4 H, H-a),
2.63(t,*J =7.5Hz,4 H, H-a'), 1.35-1.74 (m, 16 H, H-b,b',c,¢),
1.00 (t, °J = 7.3 Hz, 6 H, H-d), 0.84 (t, °J = 7.3 Hz, 6 H, H-
d’); "C-NMR ([D]chloroform): 6 = 154.2, 146.1, 144.2, 141.5,
139.2, 136.3, 127.2, 125.6, 122.2, 121.5, 32.9, 32.2, 29.1, 274,
23.0,22.8,14.2, 14.1; MS (EI): m/z 568 [M]*, 539 [M — C,H,]*;
elemental analysis (%) calcd for C;sHy N, S,: C 76.01, H 7.80, N
4.92; found: C 76.07, H 7.87, N 4.85.

2,9-Bis(3' ,4' -dibutyl-[2,2":5’,2"|terthien-5-yl)-
[1,10]phenanthroline (8)

Terthiophene 2 (1.44 g, 4.00 mmol) in THF (40 mL) was reacted
with n-BuLi in hexane (2.52 mL, 4.00 mmol) at —78 °C. After
stirring for 1 h, dry ZnCl, (600 mg, 4.40 mmol) in THF (5 mL)
was added and stirred for 30 min at —78 °C and an additional
30 min after removing the cooling bath. In a second flask, 2,9-
diiodophenanthroline 14 (864 mg, 2.00 mmol) and Pd[PPh;],
(116 mg, 100 umol) were stirred in THF (5 mL) and the zinc
organic solution was transferred to this slurry by means of
the double ended needle technique. After stirring for 20 h at
rt, the reaction was quenched by adding aqueous ammonia.
The organic phase was separated, the aqueous residue washed
several times with CH,Cl,. After drying and evaporation of the
combined organic phases, the oily product was purified by flash
chromatography (silica, hexane-THF 70 : 30) yielding 8 (1.10 g,
61%) as a yellow solid. '"H-NMR ([D]chloroform): 6 = 8.18 (d,
3J = 8.5 Hz, 2 H, H-4), 7.95 (d, *J = 8.4 Hz, 2 H, H-3), 7.89
(d, *J = 3.9 Hz, 2 H, H-B), 7.68 (s, 2 H, H-5), 7.31 (dd, *J =
5.1Hz,*J =1.2Hz,2H,H-D"),7.25(d,*J = 3.8 Hz, 2 H, H-C),
7.17 (dd, *J = 3.5 Hz, *J = 1.1 Hz, 2 H, H-B"), 7.07 (dd, *J =
5.2Hz,*J =3.5Hz, 2 H, H-C"), 2.86 (t,°J = 8.1 Hz, 4 H, H-a),
2.73 (t,°J = (2 Hz, 4 H, H-a), 1.39-1.67 (m, 16 H, H-b,b',c,¢),
0.88-0.97 (m, 12 H, H-d,d"); "C-NMR ([D]chloroform): § =
152.3, 145.9, 145.0, 144.9, 140.8, 140.4, 139.6, 136.8, 136.4,
130.4,128.0,127.5,127.1,126.6, 126.1, 125.8, 125.5, 119.0, 33.1,
33.0, 28.1, 28.0, 23.2, 23.1, 14.1, 14.0; MS (EI): m/z 896 [M]*;
elemental analysis (%) calcd for Cs,Hs,N,Sq: C 69.60, H 5.84, N
3.12; found: C 69.30, H 5.75, N 2.93.

2,9-Bis(3,4,3",4"-tetrabutyl-[2,2":5',2" |terthien-5-yl)-
[1,10]phenanthroline (10)
Terthiophene 3 (8.00 g, 16.9 mmol) in THF (90 mL) was reacted

with n-BuLi in hexane (10.6 mL, 16.9 mmol) at —78 °C. After
stirring for 1 h, dry ZnCl, (2.53 g, 18.6 mmol) in THF





(20 mL) was added and stirred for 30 min and an additional
30 min after removing the cooling bath. In a second flask, 2,9-
diiodophenanthroline 14 (3.65 g, 8.45 mmol) and Pd[PPh;],
(976 mg, 845 umol) were stirred in THF (20 mL) and the
zinc organic solution was transferred to this slurry by means
of the double ended needle technique. After stirring for 40 h
at rt, the reaction was quenched by adding aqueous ammonia.
The organic phase was separated, the aqueous residue washed
several times with CH,Cl,. After drying and evaporation of the
combined organic phases, the oily product was purified by flash
chromatography (silica, hexane-THF 90 : 10) to give 10 (5.84 g,
62%) as an orange coloured resin. "H-NMR ([D]chloroform):
0 =28.20(d,*J =8.5Hz 2 H, H-4),7.90 (d,*J =84 Hz, 2 H,
H-3), 7.69 (s, 2 H, H-5), 7.26 (d, °*J = 3.8 Hz, 2 H, H-B), 7.08
(d,*J = 3.8 Hz, 2 H, H-C)), 6.88 (s, 2 H, H-D"), 3.36 (t, °J =
8.0 Hz, 4 H, H-a), 2.88 (t,*J = 8.1 Hz, 4 H, H-a'), 2.77 (t, *J =
8.1Hz,4H, H-a"),2.57 (t,°J =7.8 Hz,4 H, H-a"), 1.43-1.70 (m,
32 H, H-b to H-b”, H-c to H-¢”), 0.85-1.02 (m, 24 H, H-d to H-
d”); BC-NMR ([D]chloroform): § = 153.5, 146.0, 143.7, 143.1,
140.7, 139.0, 137.9, 136.9, 136.7, 136.4, 133.1, 131.1, 127.1,
126.1, 126.0, 125.6, 121.3, 119.2, 33.2, 33.1, 32.9, 32.0, 29.1,
28.1,27.9,27.7,23.2,23.1, 23.0, 22.8, 14.1, 14.0; MS (MALDI-
TOF): m/z 1121 [M + H]". The resinous product was dissolved
in CH,Cl, and precipitated as hydrochloride upon addition of
a solution of HCl in diethyl ether. Elemental analysis (%) caled
for Ces HgsN,Ss-HCI: C 70.52, H 7.40, N 2.42; found: C 70.58, H
7.67, N 2.34.

2,9-Bis(3,4,3",4”,3" ,4""-hexabutyl-[2,2':5',2":5",2"":5" ,2""]-
quinquethien-5-yl)[1,10]phenanthroline (15) and 2,2'-(3,4,3",4",
3" ,4""-hexabutyl-[2,2":5',2":5",2"":5" ,2""]-quinquethien-5,5""-
diyl)bis[9-(3,4,3",4",3"" ,4""-hexabutyl-[2,2":5',2":5" ,2"":5" 2""]-
quinquethien-5-yl)-[1,10]phenanthroline (16)

Quinquethiophene 4 (2.16 g, 2.88 mmol) in THF (30 mL)
was reacted with n-BuLi in hexane (1.81 mL, 2.88 mmol) at
—78 °C. After stirring for 1 h, dry ZnCl, (432 mg, 3.17 mmol) in
THF (4 mL) was added and stirred for 30 min and an additional
30 min after removing the cooling bath. In a second flask, 2,9-
diiodophenanthroline 14 (622 mg, 1.44 mmol) and Pd[PPh;],
(83.2 mg, 72.0 umol) were stirred in THF (10 mL) and the
zinc organic solution was transferred to this slurry by means
of the double ended needle technique. After stirring for 24 h
at rt, the reaction was quenched by adding aqueous ammonia.
The organic phase was separated, the aqueous residue washed
several times with CH,Cl,. After drying and evaporation of the
combined organic phases, the oily product was purified by flash
chromatography (silica, hexane-THF 90 : 10) to gave 15 (810 mg,
34%) as a orange coloured solid. '"H-NMR ([D]chloroform): d =
8.21(d,*J =8.5Hz, 2 H, H-4), 791 (d,*J = 8.4 Hz, 2 H, H-3),
7.70 (s, 2 H, H-5), 7.28 (d, *J = 3.7 Hz, 2 H, H-B)), 7.13 (d,
3J =3.8 Hz,2 H, H-C), 7.09 (d, °*J = 3.8 Hz, 2 H, H-B"), 7.05
(d,*J =3.8Hz 2 H, H-C"), 6.88 (s, 2 H, H-D"), 3.37 (t, °J =
8.1 Hz,4 H, H-a),2.90 (t,°J = 8.3 Hz,4 H, H-a'),2.77 (m, 12 H,
H-a",a”,a"), 2.56 (t, *J = 7.8 Hz, 4 H, H-a""), 1.57 (m, 48 H,
H-b to H-b"”, H-c to H-¢""), 0.95 (m, 36 H, H-d to H-d"""); “C-
NMR ([D]chloroform): 6 = 153.5, 146.0, 143.7, 143.2, 140.8,
140.3, 140.2, 139.0, 138.1, 136.88, 136.86, 136.4, 136.1, 135.9,
133.0, 131.0, 130.1, 130.0, 127.3, 126.20, 126.18, 126.1, 126.0,
125.7, 121.3, 119.2, 33.2, 33.10, 33.07, 33.0, 32.8, 32.0, 31.6,
30.4,29.8,29.1,28.1,27.9,27.7,23.2, 23.13, 23.09, 22.83, 22.79,
14.14,14.12, 14.07, 14.05, 14.03, 14.0; MS (MALDI-TOF): m/z
1675 [M + HJ*; elemental analysis (%) caled for C,oH 2 N,S):
C71.72, H7.46, N 1.67; found: C 71.95, H 7.58, N 1.59.
Purging of the column with hexane-THF 60 : 40 and sub-
sequent flash chromatography (silica, petroleum ether—-CH,Cl,
45 : 55) gave by-product 16 (346 mg, 14%) as a red solid. Mp:
74 °C; '"H-NMR ([D]chloroform): 6 =8.21(d,*J =8.4Hz, 2 H,
H-4),8.20 (d,°J = 8.4 Hz,2 H, H-7),7.91 (d,°J = 8.4 Hz, 2 H,

H-3), 7.90 (d, °J = 8.4 Hz, 2 H, H-8), 7.70 (s, 4 H, H-5 and
H-6), 7.28 (d, °J = 3.8 Hz, 2 H, H-B"), 7.27 (d, *J = 3.8 Hz,
H-C), 7.14 (d, *J = 3.8 Hz, 2 H, H-B'), 7.13 (d, °J = 3.8 Hz,
2 H, H-I'), 7.09 (d, °J = 3.8 Hz, 2 H, H-B"), 7.06 (d, *J =
39 Hz, 2 H, H-I'"), 6.86 (s, 2 H, H-0""), 3.35-3.43 (m, 8 H,
H-a and H-a), 2.88-2.92 (m, 8 H, H-a’ and H-o), 2.73-2.81 (m,
16 H, H-a” and H-o" to H-a), 2.54 (t, °*J = 7.7 Hz, 4 H, H-
a”"), 1.43-1.70 (m, 72 H, H-b to b”, H-c to ¢’, H-B to B, H-y
to v”), 0.84-1.04 (m, 54 H, H-d to d”, H-8 to §); *C-NMR
([D]chloroform): 0 = 153.54, 153.47, 146.0, 143.7, 143.4, 143.2,
140.84, 140.80, 140.3, 140.2, 139.0, 138.0, 137.8, 136.9, 136.8,
136.4, 136.2, 135.9, 133.0, 132.96, 131.0, 130.1, 130.0, 127.3,
126.2,126.1,126.0, 125.7,121.4,121.3,119.2, 33.23, 33.20, 33.1,
33.07, 32.8, 32.0, 29.0, 28.1, 27.9, 27.7, 23.2, 23.12, 23.08, 22.8,
14.12, 14.07, 14.03, 14.0; MS (MALDI-TOF): m/z 2600 [M +
H]*; elemental analysis (%) calcd for C,ssH i N,S;5: C 72.06, H
7.29, N 2.15; found: C 71.97, H 7.34, N 2.06.

2,2'-(3,4,3",4"-Tetrabutyl-[2,2':5,2"|terthien-5,5"-diyl)bis-
[1,10]phenanthroline (17)

Terthiophene 3 (473 mg, 1.00 mmol) in THF (5 mL) was reacted
with #n-BuLi in hexanes (1.26 mL, 2.00 mmol) at —78 °C. After
stirring for 2 h, dry ZnCl, (300 mg, 2.20 mmol) in THF
(3 mL) was added at —78 °C and stirred for 30 min at —78 °C
and an additional 30 min after removing the cooling bath.
Iodophenanthroline 13 (612 mg, 2.00 mmol) and Pd[PPh;],
(116 mg, 100 pmol) were stirred in THF (5 mL) in a second
flask and the zinc organic solution was transferred to this slurry
by means of the double ended needle technique. After 24 h at
rt, the reaction was quenched by adding aqueous ammonia.
The organic phase was separated, the aqueous residue washed
several times with CH,Cl,. After drying and evaporation, the oily
product was purified by flash chromatography (silica, hexanes—
THF 65 : 35) and gave two major products 17 (464 mg, 56%)
as an orange coloured solid and 9 (222 mg, 34%) as a yellow
solid. For 17: Mp: 154 °C; '"H-NMR ([D]chloroform): 6 = 9.19
(dd,*J =4.3Hz,*J =1.7Hz, 2 H, H-9), 8.21 (d, *J = 8.4 Hz,
2 H, H-4), 8.19 (dd, °J = 8.0 Hz, *J = 1.7 Hz, 2 H, H-7), 7.88
(d, *J = 8.3 Hz, 2 H, H-3), 7.74 (d, *J = 8.8 Hz, 2 H, H-06),
7.71 (d, *J = 8.7 Hz, 2 H, H-5), 7.59 (dd, *J = 8.1 Hz, *J =
4.3 Hz, 2 H, H-8), 7.25 (s, 2 H, H-B), 3.12 (t, °J = 8.2 Hz,
4 H, H-a), 2.86 (t, °J = 8.1 Hz, 4 H, H-a), 1.62-1.71 (m, 8 H,
H-b,b’), 1.42-1.56 (m, 8 H, H-c,¢’), 1.00 (t,°J = 7.3 Hz, 6 H, H-
d), 0.92 (t,*J = 7.3 Hz, 6 H, H-d'); *C-NMR ([D]chloroform):
0 =153.8,150.4, 146.4, 146.3, 143.0, 140.7, 137.4, 136.7, 136.4,
136.0,132.8,129.1, 126.9, 126.5, 126.3, 126.2, 123.0, 122.2, 33.2,
33.1,28.0, 23.2, 23.17, 14.1, 14.0; MS (MALDI-TOF): m/z 829
[M + HJ*; elemental analysis (%) calcd for Cs,Hs,N,S;: C 75.32,
H 6.32, N 6.76; found: C 75.31, H 6.34, N 6.64.

2,2-(3,4,3",4",3" 4" -Hexabutyl-[2,2':5,2":5",2"":5" ,2""]-
quinquethien-5,5""-diyl)bis-[1,10]phenanthroline (18) and
2-3.4,3",4",3" ,4"-Hexabutyl-[2,2':5",2":5",2":5",
2""|-quinquethien-5-yl)-[1,10]phenanthroline (19)

Quinquethiophene 4 (995 mg, 1.33 mmol) in THF (10 mL)
was reacted with n-BuLi in hexane (1.67 mL, 2.66 mmol) at
—78 °C. After stirring for 3 h, dry ZnCl, (399 mg, 2.93 mmol) in
THF (4 mL) was added and stirred for 30 min and an additional
30 min after removing the cooling bath. In a second flask,
2-iodophenanthroline 13 (814 mg, 2.66 mmol) and Pd[PPh;],
(76.8 mg, 66.5 pmol) were stirred in THF (5 mL) and the
zinc organic solution was transferred to this slurry by means
of the double ended needle technique. After stirring for 20 h
at rt, the reaction was quenched by adding aqueous ammonia.
The organic phase was separated, the aqueous residue washed
several times with CH,Cl,. After drying and evaporation of the
combined organic phases, the oily product was purified by flash
chromatography (silica, hexane-THF 65 : 35) to give 18 (401 mg,
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27%) as a red solid. Mp: 166 °C; '"H-NMR ([D]chloroform): § =
9.20 (dd, 3J = 4.3 Hz, *J = 1.8 Hz, 2 H, H-9), 8.21 (d, *J =
8.6 Hz, 2 H, H-4), 8.20 (dd, °J = 8.1 Hz, *J = 1.8 Hz, 2 H,
H-7),7.88 (d,*J =8.4Hz,2 H, H-3), 7.75 (d, *J = 8.8 Hz, 2 H,
H-6), 7.71 (d, °J = 8.8 Hz, 2 H, H-5), 7.60 (dd, *J = 8.0 Hz,
‘J = 4.3 Hz, 2 H, H-8), 7.23 (d, °J = 3.8 Hz, 2 H, H-B'), 7.15
(d, 3J = 3.6 Hz, 2 H, H-C)), 3.10 (t, °J = 8.1 Hz, 4 H, H-a),
2.78-2.87 (m, 8 H, H-a’ and H-a"), 1.60-1.70 (m, 12 H, H-b
to b”), 1.41-1.55 (m, 12 H, H-c to ¢”), 0.98-1.02 (m, 12 H, H-
d and H-d), 0.90-1.02 (t, °J = 7.3 Hz, 6 H, H-d"); *C-NMR
([Dlchloroform): § = 153.7, 150.4, 146.3, 146.2, 142.8, 140.6,
140.3, 137.4, 136.5, 136.4, 136.1, 135.9, 132.7, 130.0, 129.1,
126.9,126.4,126.3,126.2,126.1, 125.4,122.2, 33.15, 33.07, 28.1,
28.0, 23.19, 23.18, 23.15, 14.05, 14.0; MS (MALDI-TOF): m/z
1105 [M + HJ*; elemental analysis (%) calcd for CsH,,N,Ss: C
73.87, H 6.56, N 5.07; found: C 73.85, H 6.60, N 4.99.

Repeated chromatography of the preliminary eluted material
(silica, CH,Cl,) gave 19 (556 mg, 45%) as an orange coloured
solid. "H-NMR ([D]chloroform): 6 = 9.21 (dd, °J = 4.3 Hz,
‘J=18Hz, 1H,H-9),8.20(d,*J =8.3Hz | H,H-4),8.19 (dd,
3J=8.1Hz *J =18 Hz, 1 H, H-7),7.88 (d,°J = 8.6 Hz, 1 H,
H-3),7.73 (d,*J =8.8 Hz, 1 H, H-6),7.70 (d,*J = 8.8 Hz, 1 H,
H-5),7.59(dd,*J =8.1 Hz,*J =4.3 Hz, 1 H, H-8),7.24 (d,*J =
3.8Hz, 1 H,H-B'),7.15(d,*J =3.8 Hz, | H, H-C), 7.12(d, }J =
3.8 Hz, 1 H, H-B"), 7.08 (d, *J = 3.8 Hz, 1 H, H-C"), 6.88 (s,
1 H,H-D"), 3.12(t,°J = 8.1 Hz, 2 H, H-a), 2.87 (t,°J = 8.1 Hz,
2 H, H-a'), 2.74-2.82 (m, 6 H, H-a" to a”"), 2.56 (t,*J = 7.8 Hz,
2 H, H-a""), 1.43-1.70 (m, 24 H, H-b to b”” and H-c to ¢),
0.92-1.03 (m, 18 H, H-d to d”); *C-NMR ([D]chloroform):
0 =153.6, 150.4, 146.3, 146.2, 143.6, 142.8, 140.6, 140.2, 140.1,
138.9, 137.4, 136.8, 136.5, 136.4, 136.1, 135.83, 135.80, 132.7,
130.9, 130.0, 129.9, 129.1, 126.9, 126.3, 126.2, 126.14, 126.08,
126.0, 125.9, 122.9, 122.1, 119.2, 33.1, 33.04. 33.02, 33.0, 32.8,
31.9, 29.0, 28.1, 28.0, 27.6, 23.2, 23.13, 23.07, 22.8, 14.1, 14.01,
13.99, 13.97; MS (MALDI-TOF): m/z 927 [M + H]*; elemental
analysis (%) calcd for CssHgN,Ss: C 72.52, H 7.17, N 3.02;
found: C 72.52, H 7.23, N 2.98.
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1,4-Diamino-2-butyne was prepared from 1,4-dichloro-2-butyne via 1,4-diazido-2-butyne. Bis(amino acid)
derivatives of 1,4-diamino-2-butyne having the general structure (Boc-Xxx-NHCH,C=), (Xxx = Ala, Phe and Met)
were prepared and examined by '"H NMR spectroscopy. Using chemical shift, coupling constant and DMSO titration
data it is found that these compounds adopt a C,-symmetric turn conformation featuring two intramolecular

hydrogen bonds.

Introduction

Recent work in our laboratory has shown that 1 (W(CO);(dmtc),
[dmtc = dimethyldithiocarbamate]) will react with amino acid
derivatives bearing an alkyne to produce bis(alkynylamino acid)
tungsten complexes' and metallacyclic peptides.? For example,
1 readily reacts with the alkynylphenylalanine derivative 2 to
produce the bis(alkyne) complex 3. A novel feature of this work
is the use of a m-ligand, like an alkyne, rather than a hard
base ligand, for forming the organometallic-peptide complex;
this area of research in bioorganometallic chemistry has not
received much attention.® The attraction of the tungsten—alkyne
coordination* is that the alkyne can be readily appended to
the peptide, the alkyne is generally unreactive under typical
peptide synthesis conditions, the alkynylpeptides readily react
to form the bis(alkynylpeptide) complexes while maintaining the
structual integrity of the peptide, and the resulting complexes
are air-stable. A potential application of this chemistry is the
construction of conformationally constrained peptides that
adopt defined secondary structures.™®

Owing to the conformational flexibility of the alkyne ligands
in these complexes, the conformation of 3 drawn in Scheme 1
is only one of three possible orientations open to this species."”
As shown in Fig. 1, there is a conformation for 3 in which the
two alkynes are aligned (cis) and two different conformations
for 3 in which the two alkynes are not aligned (¢trans’ and trans”).
Analysis of the '"H NMR spectrum of 3 and similar species
has shown that these complexes assume all three conformations
in solution, and that interconversion between these conformers
occurs slowly at room temperature.

The presence of multiple conformers of 3 that slowly intercon-
vert at room temperature means that the 'H NMR spectrum of
3 contains multiple resonances for each proton. The multiple

H
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Scheme 1

resonances in the spectrum makes it difficult to determine
whether a species like 3, when it is in the cis conformation,
possesses hydrogen bonds between the two amino acids. One
way to simplify the spectra of these complexes would be to
eliminate the possibility of cis/trans isomerism. This goal can
be achieved by complexation of a symmetrical bis(amino acid)
alkyne species, like 4a—c. Since 4a—c are identical on each side of
the alkyne, it is not possible to have cis and trans isomers.
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Fig. 1 The three conformational isomers adopted by 3.
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Prior to the study of tungsten bis(alkyne) complexes made
from 4a—c, the conformational behavior of 4a—c was studied. In
this paper is detailed the finding that 4a—c adopt an ordered, C,-
symmetric turn conformation in solution featuring hydrogen
bonding between the amino acid residues appended to the
central alkyne.

Results and discussion

The starting compound for preparing 4a—c is 1,4-diamino-2-
butyne (5). A synthesis of this compound from the reaction of
aqueous ammonia with 1,4-dichloro-2-butyne (6) was reported
by Johnson in 1946.1 A necessary part of this procedure is a
lengthy, continuous extraction of 5 from an aqueous alkaline
solution. In order to avoid this extraction, an alternative one-
pot route to 5 and 4a—c was developed; this route is shown in
Scheme 2. Treatment of 6 with 2.1 equivalents of NaN; yields the
diazide, 7. Because the literature reports that 7 is explosive, this
compound was not isolated."™** Rather, the reaction solution
was treated with 2.1 equivalents of PPh;, which converted 7 to 5.
Subsequent addition of a trialkylamine base and the appropriate
amino acid active ester to the reaction flask led to formation of
4a—c. Purification of 4a—c was achieved by an extractive workup,
followed by flash chromatography.

cl Ny
a b
N — N —
Cl N
6 7
NH,
c
| [ —— 4a-c
H,N 5

Scheme 2 Reagents and conditions: (a) 2.1 equiv. NaN;, THF-H,O; (b)
2.1 equiv. PPh;; (c) 2.1 equiv. Boc-Xxx-OSu, DIPEA (a: Xxx = Ala; b:
Xxx = Phe; ¢: Xxx = Met).
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In the course of this work it was necessary to compare the
behavior of 4a—c to their terminal alkyne counterparts 8a—c.
Compounds 8a—c were prepared by reaction of the appropriate
amino acid active ester with propargylamine, as described
previously.!

The '"H NMR spectra collected from 4a—c provided the data
necessary for deciphering the solution conformation of these
compounds in CDCl;. First, the 'H NMR spectra for 4a—c show
that these species are symmetrically arranged in solution. This
was evident from the number of resonances seen in the spectra.
For example, in 4a—c there are two NH, protons, but these
protons only show up as a single resonance in the '"H NMR
spectra. The same is true for every other set of protons found on
both sides of the alkyne; they all appear as a single resonance.
This indicates that the solution conformation of 4a—c positions
both amino acids in identical environments.

The first evidence for an ordered conformation in 4a—c comes
from the appearance of the methylene protons adjacent to the
alkyne. The resonances for these two protons have significantly
different chemical shifts. For example, in 4a the two protons
appear as separate resonances at 4.29 ppm and 3.71 ppm, a
difference of nearly 0.6 ppm; a similar difference in chemical
shift is observed in 4b and 4c¢ (Table 1). This difference is in
stark contrast to the same two protons in 8a—c¢, which appear
together as doublets located at 4.1 ppm. The different chemical
shifts for the methylene in 4a—c indicates that these two protons
exist in significantly different magnetic environments, and that
interconversion between these environments is slow on the NMR
timescale.

The obvious source of ordering in 4a—c would be intramolec-
ular hydrogen bonds between the amide NH protons and the
amide carbonyls. Evidence for intramolecular hydrogen bonds
in 4a—c can be gleaned in the chemical shifts of the NH protons.
An NH proton involved in an intramolecular hydrogen bond
would be shifted upfield relative to a similar NH not involved
in an intramolecular hydrogen bond. Shown in Table 2 are the
chemical shifts for the NH protons in 4a—c as compared to the
same NH protons in 8a—c. In 4a—c the chemical shifts of both
NH, and NH, are shifted downfield relative to their counterparts
in 8a—c. Although there is a significant chemical shift difference
of 0.8-1.0 ppm for NH,, the difference is particularly large
for NH,, where a 1.6-1.9 ppm difference in chemical shifts is
evident. There are two possible sources for these differences in
chemical shift. NH, and/or NH, in 4a—c could be involved in
an intramolecular hydrogen bond, or NH, and/or NH, could
be in an environment where they experience another anisotropic
effect from a neighboring group, for example the alkyne. Given
geometrical constraints, it is unlikely that both NH, and NH,
are both involved in an intramolecular hydrogen bond.

Table 1 Chemical shift values for the methylene protons adjacent to
the alkyne in 4a—c in CDCl,

Compound Scn,/ppm
4a 4.29,3.71
4b 4.22,3.61
4c 4.30,3.71

Table 2 Chemical shift values for the NH protons in 4a—c and 8a—c in
CDCl,

Compound Onn,/PpPm Onw,/PpPm
4a 8.22 5.99
4b 8.11 6.00
4c 8.23 6.08
8a 6.61 5.03
8b 6.20 5.20
8¢ 6.62 5.22
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To determine whether NH, or NH, is involved in
an intramolecular hydrogen bond, a DMSO titration was
performed.'**® Unlike CDCl;, d.-DMSO is an aggressive hydro-
gen bond acceptor that will quickly form interactions with amide
NH protons exposed to the solvent. Replacement of the CDCl,
with d,-DMSO then leads to a sizeable shift in chemical shift
of solvent exposed NH protons. In contrast, amide NH protons
participating in intramolecular hydrogen bonds generally are
not affected by the presence of the d,-DMSO, and consequently
their chemical shifts do not undergo a large change in chemical
shift.

Shown in Fig. 2 are the data from the DMSO titration of
the bis(alanine) derivative 4a. The initial additions of d;-DMSO
cause the chemical shift of NH, to be shifted upfield, while
the chemical shift of NH, remains unchanged. At around 15%
d,-DMSO changes in this pattern start to occur. The chemical
shift of NH, reverses direction and begins to move downfield,
while the chemical shift of NH, also begins to move downfield.
The shift downfield for both NH, and NH, continues out to
100% d,-DMSO. The data indicate that from 0-15% d,-DMSO
NH, participates in an intramolecular hydrogen bond, while
NH, does not. The data also indicate that the intramolecular
hydrogen bond is no longer present in the solutions having a
ds-DMSO content greater than 15%.
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Fig. 2 A plot of the chemical shift changes for NH, (O) and NH, (@)
in 4a in solutions of varying compositions of CDCl; and d,-DMSO.

To investigate whether the behavior of 4a in the DMSO
titration was typical of bis(amino acid) derivatives of 5, 4b and
4c were also subjected to a DMSO titration. The results from
these titrations are shown in Fig. 3. Both 4b and 4c show the
same pattern of behavior as 4a. Initial additions of DMSO have
no effect on the chemical shift of NH,, but do cause the chemical
shift of NH, to move upfield. Both NH, and NH, begin to move
upfield when the amount of DMSO reaches 15-20%. That 4b
and 4c¢ behave the same as 4a indicates that these and similar
species all adopt the same solution coformation.

Are these chemical shift changes with addition of DMSO
unusual? To answer that question, the monoalanine derivative 8a
was subjected to a DMSO titration. The chemical shift changes
for NH, and NH, in 8a are compared to the chemical shift
changes observed for NH, and NH, in 4a in Fig. 4. With 8a,
both NH, and NH, show the same pattern of change. As the d,-
DMSO is added their chemical shifts move downfield, sharply
at first, then leveling out around at the 20-30% DMSO mark.

This pattern is typical for solvent-exposed NH protons. In
contrast, the chemical shifts of NH, and NH, in 4a are shifted
significantly downfield relative to 8a. As the d,-DMSO is added
to the solution, the chemical shifts of NH, and NH, in 4a move
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Fig.3 A plot of the chemical shift changes for NH, and NH,, in 4b and
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Fig. 4 (A) Comparison of the chemical shift changes that accompany
proton NH, in compounds 4a (O) and 8a (@) as the solvent is
changed from 100% CDCl; to 100% ds,-DMSO. The two curves are
indistinguishable after 20% dg-DMSO. (B) Comparison of the chemical
shift changes that accompany proton NH, in compounds 4a (O) and 8a
(@) as the solvent is changed from 100% CDCl; to 100% ds-DMSO. The
two curves are indistinguishable after 20% dg-DMSO.

towards the chemical shifts of NH, and NH, in 8a. The chemical
shifts for NH, and NH, in 4a and 8a become indistinguishable
around 20% d,-DMSO, and continue this way out to 100% d-
DMSO. The convergence of these chemical shifts occurs at the
point when the intramolecular hydrogen bond involving NH, in
4a has been broken.

Although the data indicate that NH, is involved in an
intramolecular hydrogen bond, an alternative explanation for





the DMSO titration data is that 4a—c aggregates in solution,
and NH, from one molecule of 4a—c participates in a hydrogen
bond with a second molecule of 4a—c. To rule out this possibility,
the '"H NMR spectra of 4a—c in CDCIl; were recorded at
concentrations ranging from 82 mM to 2.5 mM. Over this range
of concentrations, the chemical shifts for all the resonances in
4a—c did not change. This shows that 4a—c do not aggregate
in solution, which means that NH, must be involved in an
intramolecular hydrogen bond.

What carbonyl group forms the hydrogen bond with NH,?
Given the symmetry requirements for these molecules, the
carbonyl has to be associated with the other amino acid residue
bonded to the opposite end of the alkyne. Of the two possible car-
bonyls, the only one that is capable of lining up correctly to form
an intramolecular hydrogen bond is the amide carbonyl bonded
to NH,. The structure generated by having these intramolecular
hydrogen bonds is shown in Fig. 5. A conformation like the
one shown in Fig. 5 has been reported for bis(amino acid) and
bis(dipeptide) derivatives of 1,1’-ferrocenedicarboxylic acid.'**

Fig. 5 Three-dimensional representation of the conformation of 4a in
CDCl.

Confirmation of this structure was obtained by analyzing
the coupling constants of the two methylene hydrogens located
adjacent to the alkyne. The methylene hydrogen located at
3.6 ppm appears as only a doublet, and it does not form a
crosspeak with the neighboring NH when the compound is
analyzed in a COSY experiment. The absence of vicinal coupling
to the NH by this hydrogen indicates that the dihedral angle
between the CH and NH is at or near 90°. In contrast, the
methylene hydrogen located at approximately 4.2 ppm appears
asadoublet of doublets, indicating geminal coupling to the other
methylene hydrogen and vicinal coupling to the NH. Using the
Karplus equation,? the vicinal NH-CH coupling constant for
the resonance at 4.2 ppm of 4.4 Hz represents a dihedral angle
of either 40° or 120°.

The dihedral angles calculated from the coupling constants
were compared to the dihedral angles found in a Dreiding model
of the hydrogen-bonded conformation of 4a shown in Fig. 5. In
the Dreiding model of 4a, the two dihedral angles between NH,
and the methylene hydrogens are close to 90° and 40° (see Fig. 6).
That the calculated dihedral angles match the dihedral angles in
the model confirms that the solution conformation of 4a is the
C,-symmetric structure shown in Fig. 5. Since 4b—c have similar
calculated dihedral angles, these compounds also adopt the same
solution conformation. It would appear that this conformation
will be adopted by other amino acid derivatives.

Cc=0
H C\\

Fig. 6 Dihedral angles of NH, and the methylene hydrogens adjacent
to the alknye in 4a—c.

Lastly, the unusual behavior of NH, in 4a—c deserves some
comment. Its location at 8.2 ppm in 100% CDCI; strongly
suggested that it was involved in an intramolecular hydrogen
bond. However, the fact that the chemical shift of this resonance
varies (and initially moves upfield) as DMSO is added shows
that NH, is not involved in an intramolecular hydrogen bond.
The conformation of 4a shown in Fig. 5 can explain the unusual
upfield shift of NH, during the DMSO titration. The amide
carbonyl bonded to NH, is the hydrogen bond acceptor in the
CDCl; conformation of 4a—c. Participation of this carbonyl in
the hydrogen bond causes a deshielding effect on NH,, which
accounts for its location at 8.2 ppm in CDCIl;. As the DMSO
titration proceeds and the ordered conformation of 4a—c is lost,
the deshielding effect on NH, is lost as well.

Conclusion

Bis(amino acid) derivatives of 1,4-diamino-2-butyne (4a—c),
which can be used to form tungsten—peptide conjugates, adopt
an ordered, C,-symmetric conformation in CDCI, (Fig. 5). This
conformation features two identical hydrogen bonds between the
amide carbonyl from one of the amino acids and the amide NH
from the other amino acid. These findings indicate that species
like 4a—c can be used to induce a turn structure in a peptide
conjugate, similar to the turn structure that can be induced
by bis(amino acid) derivatives of 1,1’-ferrocenedicarboxylic
acid.”* Like peptide derivatives of 1,1’-ferrocenedicarboxylic
acid, peptide derivatives of 5 might find use as chirality-
organized receptors.”

Will 4a—c, when complexed to tungsten, retain this turn
structure? Experiments aimed at answering this question are
in progress and will be reported in due course.

Experimental
General methods

NMR spectra were obtained on a GE Omega 300 instru-
ment. Electrospray mass spectra were obtained on a LCQ
APCI/Electrospray LC MS-MS. Samples for mass spectral
analysis were dissolved in MeOH (approximately 1 mg mL™") in
borosilicate glass test tubes. Elemental analyses were performed
by Atlantic Microlab, Inc. (Norcross, GA). FT-ICR MS were
performed by the W. M. Keck Foundation Biotechnology
Resource Laboratory at Yale University.

1,4-Diamino-2-butyne (5). Caution: The intermediate di-
azide, 7, formed in this reaction is explosive. It should not be
isolated prior to treatment with PPh;.

To a solution of 0.468 g (3.81 mmol, 1.0 equiv.) of 1,4-
dichloro-2-butyne in 20 mL THF was added 0.517 g (7.95 mmol,
2.1 equiv.) of NaN; dissolved in 20 mL H,O. The resulting
solution stirred at 23 °C for 16 h. To the reaction solution was
then added 2.097 g (7.96 mmol, 2.1 equiv.) of PPh;, 5 mL H,O
and 5 mL THF. After stirring at 23 °C for 24 h the solution was
divided and used in the reactions described below.

(Boc-Ala-NHCH,C=), (4a). To 25.0 mL (assuming 100%
yield, 1.91 mmol, 1.0 equiv.) of the crude solution of 5 (described
above) was added 1.05 g (3.78 mmol, 2.0 equiv.) of Boc-Ala-
OSu and 2.52 g (19.5 mmol, 10 equiv.) of DIPEA. Next, an
additional 5 mL THF and 5 mL H,O were added. After stirring
for 60 h the solvents were evaporated. The crude product was
redissolved in 50 mL CHCI;. The organic layer was washed
3 x 50 mL 1 M HCI, 3 x 50 mL saturated NaHCO,, and 1 x
50 mL brine. The organic layer then was dried (MgSO,), filtered
and evaporated to yield a crude solid. Flash chromatography
(2 : 1 EtOAc-hexanes) provided 1.5 g of 4a contaminated with
triphenylphosphine oxide. To remove the impurity, the crude
product was dissolved in 30 mL acetone and treated with 2.0 g
of Merrifield’s peptide resin (1% cross-linked, 200-400 mesh,
4.38 mmol Cl g7') and 1.25 g Nal. After stirring for 16 h the
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resin was filtered and washed with 3 x 10 mL THEF, 1 x 10 mL
H,0, 3 x 10 mL acetone and 3 x 10 mL MeOH. The filtrate
and washes were combined and evaporated. To the remaining
solid was added 50 mL EtOAc, and the insoluble white solid (4a)
was collected by vacuum filtration, to provide 0.511 g (63%) of
pure 4a : mp 63-65 °C; '"HNMR (300 MHz, CDCIl;) § 8.22 (1H,
amide NH, s), 5.99 (1H, urethane NH, d, / = 7.3 Hz), 4.57 (1H,
C,H, quintet, J = 7.3 Hz), 4.28 (1H, CH,, dd, J = 4.4, 16 Hz),
3.71 (1H, CH,, d, J = 16 Hz), 1.43 (9H, (CH;)s, s), 1.38 (3H,
CH;, d, J = 7.3 Hz); '"H NMR (300 MHz, d,-DMSO) 6 8.20
(1H, amide NH, s), 6.89 (1H, urethane NH, d, / = 7.8 Hz), 3.94
(1H, C,H, quintet, J = 7.3 Hz), 3.87 2H, CH,, d, J = 5.4 Hz),
1.37 (9H, (CH,;)s, s), 1.14 (3H, CH;, d, J/ = 7.3 Hz); *C NMR
(75 MHz, CDCl;) ¢ 173.8, 156.1, 79.9, 78.9, 49.6, 29.8, 28.4,
19.2; ESMS 427 [M + HJ*, 449 [M + NaJ*, 327 [M + H) —
C;H;0,]"; TLC, R;0.61 (2 : 1 EtOAc-hexane). Anal. Calcd. for
CHiN,Oq: C, 56.32; H, 8.04; N, 13.14. Found: C, 56.16; H,
7.94; N, 12.90.

(Boc-Phe-NHCH,C=), (4b). To 25.0 mL (assuming 100%
yield, 1.91 mmol, 1.0 equiv.) of the crude solution of 5 (described
above) was added 1.37 g (3.78 mmol, 2.0 equiv.) of Boc-Phe-OSu
and 2.52 g (19.5 mmol, 10 equiv.) of DIPEA. Next, an additional
5SmL THF and 5 mL H,O were added. After stirring for 60 h the
solvents were evaporated. The crude product was redissolved in
50 mL CHC;. The organic layer was washed with 3 x 50 mL 1M
HCI, 3 x 50 mL saturated NaHCO;, and 1 x 50 mL brine. The
organic layer then was dried (MgSQO,), filtered and evaporated
to yield a crude solid. Flash chromatography (1 : 2 EtOAc-
hexanes) provided 145 mg (13%) of pure 4b as a white solid: mp
135-137 °C; '"H NMR (300 MHz, CDCl;) ¢ 8.11 (1H, amide
NH, s), 7.25 (5H, C¢Hs, m), 6.00 (1H, urethane NH, br s), 4.78
(1H, C,H, m), 4.22 (1H, CH,N, dd, J = 4.4, 16 Hz), 3.61 (1H,
CH,N, d, J =16 Hz), 3.06 (1H, CH,Ph, dd, J = 5.4,13 Hz), 2.88
(1H, CH,Ph, dd, J = 8.8, 13 Hz), 1.32 (9H, (CHj;);, s); "H NMR
(300 MHz, d,.-DMSO0) 6 8.38 (1H, amide NH, s), 7.25 (5H, C,Hs,
m), 6.92 (1H, urethane NH, d, J = 8.6 Hz), 4.13 (1H, C,H, m),
3.91 (2H, CH,N, d, J = 4.3 Hz), 2.92 (1H, CH,Ph, dd, J = 3.8,
12.9 Hz), 2.70 (1H, CH,Ph, dd, J = 10.2, 13.4 Hz), 1.28 (9H,
(CHj;);, s); ®C NMR (75 MHz, CDCl;) 6 172.6, 156.1, 137.2,
129.5, 128.2, 126.5, 79.7, 78.8, 55.4, 39.7, 29.8, 28.3; ESMS 601
[M + NaJ*; TLC, R 0.47 (1 : 2 EtOAc-hexane). FT-ICR MS
Calcd. for C;,H,N,O¢Na: 601.299656; Found: 601.2977.

(Boc-Met-NHCH,C=), (4¢c). To 10.0 mL (assuming 100%
yield, 0.762 mmol, 1.0 equiv.) of the crude solution of 5
(described above) was added 0.538 g (1.55 mmol, 2.0 equiv.) of
Boc-Met-OSu and 1.3 mL (7.5 mmol, 10 equiv.) of DIPEA. The
resulting solution rapidly turned cloudy, and a white precipitate
formed. After stirring for 18 h the solvents were evaporated. The
crude product was redissolved in 30 mL CHCl;. The organic
layer was washed with 3 x 30 mL 1 M HCI, 3 x 30 mL 1 M
NaOH, and 1 x 30 mL brine. The organic layer then was dried
(MgSO0,), filtered and evaporated to yield a crude solid. Flash
chromatography (1 : 1 EtOAc-hexanes) provided 99 mg (27%)
of pure 4¢: mp 154-156 °C; '"H NMR (300 MHz, CDCl;) 6 8.23
(1H, amide NH, s), 6.08 (1H, urethane NH, br s), 4.55 (1H,
C,H,m), 4.30 (1H, CH,N, dd, J = 4.4, 16 Hz), 3.71 (1H, CH,N,
d, J = 16 Hz), 2.57 (2H, CH,S, m), 2.10 (3H, CH;S, s), 2.00
(2H, CH,, m), 1.43 (9H, (CH,);, s); '"H NMR (300 MHz, d,-
DMSO) ¢ 8.25 (1H, amide NH, s), 6.96 (1H, urethane NH, d,
J=8.3Hz),3.97 (1H, C,H, m), 3.87 (2H, CH,N, d, J = 4.9 Hz),
2.41 (2H, CH,S, m), 2.03 (3H, CH;S, s), 1.75 (2H, CH,, m); *C
NMR (75 MHz, CDCl;) ¢ 172.5, 156.4, 80.2, 78.9, 53.5, 33.3,
30.4, 29.9, 28.5, 15.4; ESMS 569 [M + Na]*; TLC, R; 0.29 (1 :
1 EtOAc-hexane). Anal. Calcd. for C,,H,,N,O,S,: C, 52.72; H,
7.74; N, 10.25. Found: C, 52.95; H, 7.76; N, 9.69.
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Boc-Ala-NHCH,C=CH (8a). Prepared as previously
described.! '"H NMR (300 MHz, CDCl;) ¢ 6.57 (1H, amide
NH, br s), 5.01 (1H, urethane NH, br s), 4.14 (1H, C,H, m),
4.05 (2H, CH,N, s), 2.22 (1H, alkyne CH, t, J = 2.4 Hz), 1.45
(9H, (CH;)s, s), 1.37 (3H, CH;, d, J = 6.8 Hz).

Boc-Phe-NHCH,C=CH (8b). Prepared as previously
described.! '"H NMR (300 MHz, CDCl;) 6 7.40 (5H, C,Hs, m),
6.20 (1H, amide NH, br s), 5.20 (1H, urethane NH, br s), 4.42
(1H, C,H, m), 4.03 (2H, CH,N, m), 3.12 (2H, CH,Ph, m), 2.21
(1H, t, J = 2.4 Hz), 1.44 (9H, (CHs;);, s).

Boc-Met-NHCH,C=CH (8c). Prepared as previously
described.! '"H NMR (300 MHz, CDCl;) ¢ 6.61 (1H, amide
NH, br s), 5.22 (1H, urethane NH, d, J = 6.55 Hz), 4.33 (1H,
C,H, m), 4.15,4.06 2H, CH,N, 2d, J = 16 Hz), 2.61 (2H, CH,,
m), 2.16 (3H, CH;S, s), 2.14, 1.99 (2H, CH,S, 2m), 1.50 (9H,
(CHa)s, 5).
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DNA is a unique material for nanotechnology since it is
possible to use base sequences to encode instructions for
assembly in a predetermined fashion at the nanometre
scale. Synthetic oligonucleotides are readily obtained by
automated synthesis and numerous techniques have been
developed for conjugating DNA with other materials.
The exact spatial positioning of materials is crucial for
the future development of complex nanodevices and the
emerging field of DNA-nanotechnology is now exploring
DNA-programmed processes for the assembly of organic
compounds, biomolecules, and inorganic materials.

Introduction

Self-assembly is often one of the key approaches discussed
when debating future methods for building nanostructures and
nanodevices.! Our current ability to form nanostructures by self-
assembly is, however, very limited compared to the power of
lithographic techniques for the formation of solid structures
in bulk materials and, in particular, electronic circuits at the
nanoscale. The pace of developing and refining lithographic
techniques, new scanning probe microscopy and nanoimprinting
techniques is impressive and the current bottom-up approaches
are far from able to compete. Self-assembly procedures for
the production of some non-biological systems are commonly
used and have in some cases found commercial applications.
These include self-assembled monolayers for the immobilization
of compounds and materials on surfaces, Langmuir-Blodgett
films, artificial membranes efc. However, these structures are
typically, polydisperse and only “nanoscaled” in one dimension.
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Formation of more complex monodisperse and two- or three-
dimensional nanostructures consisting of multiple building
blocks requires precise control over each interaction when the
structure undergoes self-assembly. In this regard supramolecular
chemistry is in its infancy and the structures that are accessible
via this method are mainly limited to a single or a few highly
symmetric structures.

The motivation and inspiration to continue exploring self-
assembly is, on the other hand, obvious when studying the most
advanced nanosystem known: the living cell. This unimaginably
complex machinery made of organic molecules and polymers
is formed by, and operates by, self-assembly. The precision
and efficiency of this process derives from specific molecular
interactions between proteins, DNA and RNA in particular,
and other compounds including lipids, carbohydrates, and small
molecules. The question is: how can we use any part of the cell’s
self-assembly machinery to assemble artificial nanostructures?
A dramatic reduction in complexity is necessary and this
should be obtained by focusing on only one or two types of
structural element from cells. In this regard DNA (or RNA)
is the obvious choice since (i) it is the building block with
the highest information content, (ii) it is constructed from
only four, quite similar chemical building blocks, (iii) its self-
assembly behavior is by far the most predictable compared
to other classes of biomolecules, (iv) microgram quantities
of oligonucleotides are easily and inexpensively available via
automated chemical synthesis and (v) a diverse infrastructure
developed for biotechnology provides many tools for DNA
manipulation, including amplification via the polymerase chain
reaction (PCR).
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Proteins, antibodies and their small molecule affinity sub-
strates are also efficient and highly specific in self-assembly
processes and, if only few types of specific interactions are
required, they might be the best choice. The importance of their
role in molecular biology, medicine and nanoscience cannot
be underestimated. However, when it comes to the individual
encoding of multiple building blocks for the assembly into
nanostructues they are less suitable due to their complexity,
diversity in structure and differences in the nature of their
interactions or size. Peptide self-assembly? has its own, large
technical literature which will not be discussed here.

Since the pioneering work by Ned Seeman®, non-biological
DNA-programmed self-assembly has become a major research
area and several recent reviews have described various aspects of
the area.’™ In this perspective we will focus on the application of
DNA and its analogs as a programmable material with which to
assemble organic, inorganic, and biomolecular nanostructures,
and also for the assembly of complex, nanosized materials and
micrometre-scale materials with nanometre-scale features and
patterns.

Basic considerations regarding DNA-design

When planning to assemble materials by simple DNA-
programmed processes the first things to consider are how
to conjugate the materials and DNA (or analogs) and how
to design the sequences to obtain the desired assembly.’® The
power of automated oligonucleotide synthesis makes small
oligonucleotides easily accessible and, furthermore, many DNA-
modifiers are commercially available and can be incorporated
during automated DNA-synthesis. These include phospho-
ramidites with modified nucleoside bases, fluorescent dyes, bio-
labels such as biotin and a variety of functional chemical groups
(FCG)." Typically, modifications are incorporated at the 5'-end
of the DNA sequence using a modifier with a phosphoramidite
group for coupling with the 5-OH of the DNA sequence and
a protected FCG. DNA sequences containing a 5'-terminal
4,4'-dimethoxytrityl (DMTr) ether are often separated from
side products by chromatography immediately after synthesis.
Therefore, it is advantageous to use modifiers that also contain
a DMTr ether. Such modifiers can also be applied to 3’ and
internal modification by incorporation at an earlier stage of
the automated synthesis. The modifiers typically have FCGs
such as amines, thiols or carboxyl groups. It is relatively
easy to conjugate DNA with organic molecules that carry
functional groups which react with the FCGs."” Biomolecules
and chemically modified biomolecules can be conjugated with
DNA in a similar manner, however, an alternative strategy is to
introduce, for example, a biotin modifier in the DNA sequence
for subsequent association with streptavidin.” Steptavidin has
four binding sites with a very strong affinity for biotin, and
the remaining three binding sites can be used for binding other
biotin-labelled biomolecules or materials.

The inorganic material most frequently used in conjugation
with DNA is gold nanoparticles.>'! DNA sequences with a thiol
modifier can react directly with the naked gold nanoparticle or,
by ligand exchange, react with monolayer-covered particles to
form thiolate-Au bonds. This method can also be used for the
reaction of silver and metal sulfide nanoparticles with thiols.
Depending on the stoichiometry this approach typically leads
to nanoparticles with more than one oligonucleotide molecule
attached, however, purification methods have been described.’®
Alternatively, inorganic materials modified with an organic
moiety e.g. a maleimide or a N-hydroxysuccinimide ester are
linked to oligonucleotides by the reaction with a thiol or amine
modifier, respectively.

To make DNA assemblies that are stable at room temperature
it is required that DNA-sequences are of sufficient length.
Typically 10- to 25-mer DNA sequences are used. A 10-
mer dsDNA helix has a melting temperature between 25 and
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35 °C. Guanine (G) and cytosine (C) interact via three hydrogen
bonds leading to higher stabilization (ca. 6 kcal mol™") than the
two-hydrogen bond interaction between thymine (T) and ade-
nine (A) (ca. 4.5 kcal mol™") (Fig. 1). Therefore the melting point
is also dependent on the nucleotide composition. Alternatively,
the commercially available DNA analog peptide nucleic acids
(PNA)" and locked nucleic acids (LNA)* can be applied. They
have a much higher affinity for duplex formation and fewer bases
are required to obtain stable double helix.*?' Furthermore they
are both stable towards DNases, and by using PNA the negative
charge of the DNA phosphate backbone is avoided.
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Fig. 1 The two-hydrogen bond interaction between adenine (A) and
thymine (T) and the three-hydrogen bond interaction between guanine
(G) and cytosine (C).

In the simplest case it is desired to bring two components,
each attached to one oligonucleotide sequence, together via
DNA-programmed assembly (Fig. 2). In principle the same self-
complementary (palindromic) sequence can be applied on each
component, however, two different complementary sequences
are, by far, the most often used to increase control of the
hybridization process and to avoid the formation of homod-
imers if the components are different. If both components are
conjugated via the 5’ end to complementary sequences they will
be separated by the dsDNA formed upon hybridization. In the
case where one of the components is conjugated via the 3'-end,
the two components will be brought in close proximity. What is
preferred strongly depends on the size of the appended materials
and the details of the particular application. In the template
approach the sequences attached to the two components are

o SN SR

', 5'-dimer

" s X

5'5-templated

____¥Ny

3',5-templated

—

Fig. 2 Strategies for assembly of two components by DNA-
programmed assembly. The coloured boxes symbolize an organic,
bioorganic or inorganic material and the curved lines indicate linkers
between DNA and the material. Arrowheads mark the 3’ ends.





non-complementary, however they are complementary with
two successive sequences on a template. Depending on the
conjugation point, the components may be aligned head-to-head
or head-to-tail (or tail-to-tail). If the alignment of the two com-
ponents on the template leads to some kind of signalling, this
may be used for detection of DNA (RNA) sequences containing
the template sequence.”> More complex structures are easily
designed by also attaching materials to the template and/or
aligning several DNA-conjugates on one or more templates.
The use of only two complementary sequences or two
sequences and a complementary template may also lead to
more complex assemblies if multiple copies of the strands are
attached to the same component (Fig. 3). This is often the
case for materials with multiple attachment points such as gold
nanoparticles. If a DNA multiplier i.e. a phosphoramidite linked
to two or more DMTr ethers is applied in the DNA-synthesis
other materials with only one attachment point can also be
functionalized with multiple identical sequences.

n=m= 1: dimer

n=x,m=1:(x+ 1)-mers
n =m = 2: linear polymers and/or rings
n>2, m> 1: aggregates

Fig. 3 Application of materials labelled with one or more identical
DNA strands for formation of more complex assemblies. The arrow-
heads mark the 3’ ends.

The conjugation of materials to a modifier in the middle of a
DNA-sequence is, in principle, equivalent to the attachment of
two different DNA-strands to the same component (Fig. 4A).
If the modifier is a nucleoside, e.g. having the linker attached
via the nucleotide base, the copying of the DNA sequence
by PCR may be possible. The material may also, in fact,
be attached to two different DNA sequences, either by using
chemical modifiers or by incorporation during the automated
synthesis using phosphoramidite chemistry (Fig. 4A). These

S

types of conjugates allow for the formation of well-defined
supramolecular oligomers. The materials can be assembled in a
side-by-side fashion or along a double strand depending on the
DNA-encoding (Fig. 4B and C). In analogy to the templated
approach mentioned above for materials attached with one
DNA-sequence, the structures in Fig. 4A can also be aligned
on a template, however, in this setup enzymatic ligation of the
aligned sequences is in principle possible (Fig. 4D).

Most of the strategies for DNA-programmed assembly in-
troduced above have been applied for the assembly of various
materials, and several examples will be given in this perspective.
However, much more advanced DNA-designs have been used
for the assembly of pure DNA-structures and, in a few cases,
also for the assembly of materials. The following section will
give examples of such structures.

DNA nanostructures

The last few years have seen a great number of advances in our
ability to construct complex nanostructures from nucleic acid
building materials.® The study of artificial DNA structures for
applications in nanotechnology began in the early 80s when See-
man sought to design and construct periodic matter and discrete
objects assembled from synthetic DNA oligonucleotides.”® He
noted that simple double-helical DNA could only be used for the
construction of linear assemblies and that more complex build-
ing blocks would be required for two- and three-dimensional
constructs. He also noted that biological systems make use
of branched base-pairing complexes such as forks (three-arm
junctions) found in replicating DNA and Holliday intermedi-
ates (four-arm junctions) found in homologous recombination
complexes. These natural branch junction motifs exposed a
potential path toward multi-valent structural units. A Holliday
junction is formed by four strands of DNA (two identical pairs of
complementary strands) where double-helical domains meet at
a branch point and exchange base-pairing partner strands. The
branch junctions in recombination complexes are free to diffuse
up and down the paired homologous dsDNA domains since
the partners share sequence identity along their entire lengths.
Seeman showed that by specifically designing sequences which
were able to exchange strands at a single specified point and
by breaking the sequence symmetry which allowed the branch
junction to migrate,* immobile junctions could be constructed
and used in the formation of stable and rigid DNA building
blocks. These building blocks (or DNA tiles), especially double-
crossover (DX) complexes®, became the initial building blocks
for the construction of periodic assemblies and the formation
of the first two-dimensional crystals of DNA tiles.? DX tiles

; S

’

_ -

Fig. 4 Assembly of materials incorporated internally in DNA sequences. (A) Materials attached via a DNA modifier or via two separate sequences.
(B) Side-by-side assembly. (C) Assembly along a double strand. (D) Alignment on a template. Arrowheads mark the 3’ ends of strands.
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have also been used to produce beautiful algorithmic assemblies
displaying fractal design patterns (discussed further, below).”’
These large lattices provide multiple attachment sites both within
and between tiles for complex programmed structures and lead
to diverse possibilities for scaffolding useful constructs and
templating interesting chemistries.

A large number of distinct DNA tile types have now been
designed and prototyped; some examples are shown in Fig. 5.
The high thermal stability (T, up to at least 70 °C) of some
DNA tiles, the ability to program tile-to-tile association rules via
ssDNA sticky-ends, and the wide range of available attachment
chemistries make these structures extremely useful as molecular
scale building blocks for diverse nanofabrication tasks. DNA
tiles produced to date have contained double-helical DNA
domains as structural members and branch junctions crossovers
as connectors. The use of paired crossovers greatly increases the
stiffness of the tiles over that of linear dsDNA. Following the
success of the DX lattices, triple-crossover (TX) tiles, lattices,
and computational nanostructures were demonstrated.?°

DAE

DAO TAO

Fig. 5 Schematic drawings of four DNA tiles are shown. Colored lines
represent different oligonucleotide strands with arrowheads marking the
3’ ends. DAE and DAO are double crossover complexes (also known as
DX), TAO is an example of a triple crossover (or TX) tile, and the
4 x 4 tile is composed of four arms each of which contains a four-arm
junction.

Since DX and TX tiles are designed with their helices parallel
and coplanar, their lattices tend to grow very well in the direction
parallel to the helix axes and fairly poorly in the direction
perpendicular to it. Elimination of this problem and the growth
of lattices with a square aspect ratio was the primary motivation
behind the design of the 4 x 4 cross tile.*’ Long DNA nanotubes
(up to 15 um) and large 2D lattices (many square micrometres)
have been assembled from 4 x 4 cross tiles (Fig. 6). Variants
of these tiles have been used to pattern proteins and metallic
nanoparticles (see below) and provide a versatile toolbox with
which to organize nanoscale materials.

Fig. 6 AFM images of corrugated (planar) and uncorrugated (tube)
versions of 4 x 4 cross tile lattices. The right panel isa 1 pm x 1 um
scan. Adapted with permission from ref. 31.

A variety of other tile shapes have been prototyped beyond
the rectangular and square tiles shown above. Lattices with
rhombus-like units have been made in which the helix crossing
angles are closer to the relaxed ~60° angles observed in
biological Holliday junctions.® At least three different versions
of triangular DNA tiles have been prototyped (Fig. 7), one in
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which the plane is tiled entirely by triangles** and two versions
which form hexagonal patterns.***> Such triangular lattices have
not been shown to grow as large as those from rectangular and
square tiles, but they may be useful for assembly applications
where slightly more structural flexibility is desired. They have
also demonstrated some interesting multilayer structures with
symmetrical stacking interactions.*
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Fig. 7 Schematic drawings of two different triangular tiles (A and C)
and AFM images of resulting 2D lattices assembled from trianglular
tiles (B and D). Adapted with permission from ref. 33 (A and B) and ref.
34 (C and D).

DNA tiles which hold their helical domains in non-planar
arrangements have also been designed, for example a three-
helix bundle (Fig. 8).*¢ and a six-helix bundle.*” Non-planar
tiles represent one strategy for expanding the tiling into the third
dimension, although initial attempts at 3D structures using these
tiles have not yet succeeded.

Besides 3D periodic lattices, another long-term goal of DNA
self-assembly studies has been the generation of complex pat-
terns on 2D arrays. The most complex pattern yet demonstrated
via molecular self-assembly is the Sierpinski triangle pattern
shown in Fig. 9.7 These patterns were formed using a small
tile set whose sticky-ends represent tile association rules which
promote lattice formation according to the specific rules of the
encoded algorithm.

Demonstration of this complex algorithmic self-assembly
using synthetic DNA tiling shows that any arbitrary structure
which can be specified by a set of encoded association rules can
be expected to form, albeit at some yield < 100% and with some
error rate > 0%. Self-assembling tiles and lattices have also been
constructed from RNA with an added feature: the production of
finite-sized arrays.*® Previous DNA tiling systems all resulted in
unbounded growth of the lattice and, consequently, polydisperse
products following annealing. Demonstration of finite-sized
arrays represents another step toward increased control of self-
assembled molecular systems.

Three-dimensional building blocks and periodic matter con-
structed from DNA have been long-term goals of this field.
Early attempts to build a cube® and a truncated octahedron*
with dsDNA edges and branch junction vertices met with
some success, but the final constructs were produced in very
low yields. More recently, a tetrahedral unit with short double
helical edges was constructed in much higher yield.** Perhaps
the most impressive experimental success yet in DNA-based 3D
nanostructures produced an octahedron with DX-like edges.*
This study was noteworthy in that the 1.7 kilobase DNA strand
(which folded with the help of five short oligonucleotides) was
produced as a single piece by PCR-based assembly, and the
octahedron was formed in sufficient yield to permit structural
characterization by cryo-electron microscopy.





Fig. 8 The three-helix bundle (3HB) DNA tile shown as a schematic trace of the strands through the tile. Different color lines represent different
oligonucleotides and arrowheads mark the 3’ ends. Six crossover points (paired vertical lines) connect the three double helices (paired horizontal
lines) with two crossovers connecting each of the possible pairs of helices. The middle panel is an end view of the 3HB tile to show the stacking of the
helical domains. The right panel is an AFM image of 2D lattice formed from properly programmed 3HB tiles. Adapted with permission from ref. 36.

Fig. 9 AFM images of DX tile lattice algorithmically assembled to
form fractal Sierpinski triangle patterns. Bright tiles carry an additional
stem-loop of DNA projected out of the tile plane which appears taller
to the AFM and, therefore, acts as a topographic marker. Panel B is an
expanded view of the boxed region in panel A. Panel C is an expanded
view from another section of lattice. Tiles which appear to be assembled
incorrectly, based on visual inspection of the preceding (input) tiles, are
marked by a red X. Scale bars are 100 nm. Adapted with permission
from ref. 27.

The 2D lattices and 3D structures assembled from DNA and
described here represent interesting objects in their own right,
but their real usefulness will come from their application as
scaffolds and templates upon which chemistry is performed
or with which heteromaterials are organized into functioning
nanodevices. We will return to some of these applications later
in this perspective.

DNA-programmed assembly of organic building
blocks

One wide spread application of DNA-programmed assembly
(and disassembly) of organic compounds is the association and
dissociation of two organic dyes on each end of a hairpin
structure used in molecular beacons and fluorescent resonance
energy transfer (FRET).* These two designs are widely used
for DNA-sequence detection and are good examples of the
power of DNA-programmed control over the distance between
organic molecules on the nanoscale. For applications such as
catalysis, molecular electronics, memory storage, drug delivery,
protein mimics, chemical sensors and supramolecular chemistry
in general the relative positioning of organic molecules also plays
acentral role and this area is rapidly developing as demonstrated
below.

In pionering work by Shi and Bergstrom the assembly of a
rigid and bent organic structure containing two arylethynylaryl
moieties which are connected via a tetrahedral backbone
was reported.* At each terminal position the arylethynylaryl
moieties are attached to two identical oligonucleotides via a
2-hydroxyethyl spacer (Fig. 10). The two oligonucleotides are
self-complementary (palindromic) which allows these DNA-
conjugates to form cyclic structures in which the organic
scaffolds are connected via dsSDNA. Mixtures of two- to seven-
membered rings formed and the size of the rings could, to some
extent, be controlled by the annealing conditions.

Linear polymerization of building blocks containing a simple
alkyl chain or oligoethyleneglycol chain between two oligonu-

O-P-0-3-d(ATCGCATGCGAT,)-5
OH

4b (n=3)
4¢ (n=5)

HO

o
0-P-0-3-0(ATCGCATGCGAT,)-5'
on

Fig. 10 Self-assembly of two- to seven-membered DNA cycles of
organic scaffolds connected via self-complementary DNA-sequences.
Adapted with permission from ref. 44.

cleotides was reported recently.** Miillen et al. reported the
synthesis and self-assembly into linear polymers of two linear
perylenediimide—oligonucleotide conjugates with complemen-
tary DNA-sequences.*’

Building blocks with two or more different and individual
oligonucleotide sequences are required to form well-defined and
monodisperse assemblies. This was the case in work by Bunz
et al. where a tetraphenylcyclobutadiene(cyclopentadienyl)—
cobalt complex and a phenyleneethynylene trimer were in-
corporated in the middle of 24-mer oligonucleotide se-
quences using phosphoramidite chemistry (Fig. 11A)).%#
The cobalt complex has interesting optical properties and
oligo(phenyleneethynylene)s are fluorescent and of interest
for organic semiconductor devices. The encoding of the or-
ganic modules with two individual 12-mer oligonucleotide
sequences allowed them to assemble by DNA hybridization into
supramolecular structures with predetermined connectivity. As
shown in Fig. 11B, oligomers of up to seven units were formed
as determined by native polyacrylamide gel electrophoresis
(PAGE) analysis, fluorescence, and the measurement of DNA
melting point temperatures.

Sleiman and co-workers have synthesized ruthenium bipyri-
dine complexes with two identical® or two different oligonu-
cleotide sequences.®! The conjugates were formed by a modified
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Fig. 11 (A) Structures of DNA-organic conjugates. (B). Melting temperature and fluorescence quantum yields for annealed conjugates. Adapted
with permission from ref. 48.
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phosphoroamidite base strategy. In the latter report both non-
complexed and Ru-complexed dioligonucleotide bipyridines
were synthesized. In the presence of two of these modules with
complementary DNA-sequences they showed a strong tendency
to form cyclic dimers, however, higher order structures and
polymers were also observed. It is notable that the Ru-complexed
dioligonucleotide bipyridines showed a higher tendency to
dimerize than the non-complexed analogs.

In a related approach Han et al. reported on the synthesis
of a terpyridine derivative tethered to a DNA sequence.*
When two of the conjugates containing DNA sequences of
different length were mixed in the presence of Fe(1), a sta-
ble bis(terpyridine)iron(il) complex formed (Fig. 12). It was
possible to separate heterodimeric modules from homodimeric
ones using PAGE. These dimeric metal complexes are two-
way branched oligonucleotides. Three of the oligonucleotide
modified metal-organic modules were capable of self-assembling
into DNA triangles where the bis(terpyridine)Fe(i1) complexes
are positioned in the vertexes.

g

v \ TNAN
Terpyridine-DNA Modules
¢
R
A A

DNA Triangle

Fig. 12 Assembly terpyridine-DNA conjugates into two-way branched
bis(terpyridine)Fe(11) complexes and DNA-programmed assembly of
these into DNA triangles. Adapted with permission from ref. 52.

In a series of three papers Majima et al. have reported on the
side-by-side assembly of two dsDNA strands by the application
of multiple cross-linked oligonucleotides.**>* Two identical 10-
mer oligonucleotides were cross-linked by a disulfide tether
attached in the middle of the oligonucleotides. Two 20-mer or
30-mer sequences were assembled side-by-side by annealing with
two or three of the short cross-linked oligonucleotides. In a
single step, well-defined rigid structures controlling the relative
orientation of the two double helix strands were formed.*

Branched DNA structures with three or more arms were in-
dependently explored by the two research groups and they both
used an ¥-branched phosphoramidite with three protected pri-
mary hydroxyl groups.’** Shchepinov et al. used a ¥ -branched
synthon to form oligonucleotide dendrimers with two, three, six,
nine or twenty-seven arms.”” Hybridization between two of the
resulting DNA dendrimers with complementary sequences and
also hybridization between DNA dendrimers with complemen-
tary strands on a solid support were investigated by thermal
melting analysis. Von Kiedrowski et al. applied purified and
well-characterized three-armed oligonucleotides to investigate
the self-assembly of two three-armed structures with comple-
mentary sequences.’® They suggested, based on PAGE analysis,
formation of a dimeric structure interconnected via three parallel
dsDNA helices in an “acetylene-like” fashion and a tetrameric
cyclic structure connected in a “cyclobutadiene-like” fashion,
along with higher order structures (Fig. 13). The W-structure
was also applied to the formation of a tetrahedral structure.®

Fig. 13 Structure and assembly of ¥-branched DNA sequences into
dimer and tetramer structures. Adapted with permission from ref 58.

Steward and McLaughlin applied a Ni(i1)-cyclam complex
as the scaffold for four-armed oligonucleotide conjugates
(Fig. 14).® The branched oligonucleotide conjugates were syn-
thesized by an advanced phosphoroamidite-based solid-phase
method. Initially the first 20-mer oligonucleotide arm was syn-
thesized on the solid support in the reverse 3’ to 5’ direction with
reverse nucleoside phosphoramidites. One of the four functional
side chains on the Ni-cyclam is attached to the oligonucleotide
on the solid support and the synthesis is continued in parallel for
the remaining three hydroxyl groups on the Ni—cyclam, but this
time in the normal 5’ to 3’ direction. This elegant method enables
the synthesis of four arm branched DNA structures where all
four arms are 5’ terminated. Using a similar synthetic method,
the same group has demonstrated the synthesis of a structure
with six oligonucleotide arms by the application of a Ru(ir)
tris(bipyridyl) complex containing six hydroxyl groups arranged
in an octahedral structures as the central building block.®* The

5- DNA\ //\ ﬂm 5 5.DNA ) ﬁms 5-DiA J\ N*,;—D -5

N—Ni—N

N—' —N

5-D§A—f/ N</ DNA 5 —DNA , r\/ NA5' NA—N/ DNA.

Nc1 Nc2

Ne3

A

Fig. 14 (A) Structures of the Ni-cyclam DNA conjugates and (B) assembly of four way branched structures. (B) is adapted with permission from

ref. 60.
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four armed Ni-cyclam structures Necl, Ne2 and Ne3 resulting
from the former study contain four 20-mer oligonucleotide
sequences and are tetrahedral by design (Fig. 14A).* The
hybridization between Nel and four Ne2 (which contains one
arm complementary to the four arms of Ncl) was explored.
Only at high (100 mM) Mg** concentration was it possible to
form the pentamer as illustrated in Fig. 14B and it was assumed
that charge repulsion between the 12 unpaired arms is reduced
by increased counter ion concentration. Attempts to form a
3D DNA crystal were performed by annealing Nel with Ne3
(all strands complementary to those of Nel). Higher molecular
weight bands were observed by PAGE, however, the structure of
these assemblies has yet to be determined.

It has been demonstrated above that DNA is excellent for
encoding the assembly of organic molecules into well-defined
structures. One of the major draw-backs is the lack of control
over spatial positioning of the organic groups. This is a particular
problem for linear structures and large rings. For some purposes,
in which only the average distance between the organic moieties
is of importance, as for example for molecular beacons and
FRET, this lack of positional control is not crucial, however,
for applications where exact distances between the molecules
are required, this is a serious limitation. Another aspect is that
the organic compounds, in almost all cases described above,
are separated by some length of dsDNA helix, hampering
direct interaction between the compounds thus limiting the
applicability of such assemblies. To avoid these problems, a new
strategy is to apply DNA-programming both for assembling
the organic structures and for covalently coupling the organic
building blocks into new macromolecular structures.'® Progress
in this area is described in the next section.

DNA-programmed covalent coupling of organic
building blocks

Recent progress in DNA-programmed synthesis has revealed
that a variety of organic reactions can be directed by attached
oligonucleotide sequences.®* The concept of DNA-programmed
synthesis is illustrated in Fig. 15A. The functional groups
FGI1 and FG2 can in principle react with each other without
hybridization of the DNA sequences, but at low concentrations
(nM to uM) their intermolecular reaction is so slow that practi-
cally no conversion occurs. If the DNA sequences attached to the
functional groups are complementary, they will hybridize even

i

Carrrrt P

Fig. 15 Principle of DNA-programmed covalent coupling reactions.
(A) The functional groups FG1 and FG?2 are brought into close proxim-
ity by hybridization of their attached complementary DNA sequences
leading to reaction and formation of a product. (B) Arrangement of the
reactants in a DNA hairpin structure. (C) Arrangement of the reactants
on a DNA template. Adapted with permission from ref. 10.

Anneal Reaction
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at very low concentrations and thereby bring the two functional
groups into close proximity. Now the local concentrations of the
functional groups are significantly increased and the groups can
react in a “pseudo-intramolecular” reaction, which will proceed
significantly faster than the intermolecular reaction. Two other
DNA designs for DNA-directed reactions are based on using
either DNA hairpins or a DNA template (Fig. 15B and C).

The new field of DNA-programmed chemistry has mainly
been developed by Liu ez al. and they have explored a variety of
applications of this concept such as e.g. combinatorial chemistry
and the discovery of new organic reactions.®** The number of
example applications of DNA-programmed chemistry for nano-
related sciences is limited.'® Liu applied a 40-mer DNA-template
to align with ten PNA tetramer building blocks for parallel
chemical ligation by reductive amination.®® In a recent report
by Chen and Mao it was demonstrated that the pH induced
switching between the triplex and duplex DNA structures of
a 5'-carboxylate labelled 40-mer DNA template, annealed with
two 5'-amino labelled 12-mers, allowed for the selective reaction
of the carboxylate with either one of the amino groups.®

Assembly and covalent coupling of three different oligonu-
cleotides to a central organic core was reported by von
Kiedrowski and co-workers.®” They used the ¥ -branched three-
armed DNA structure mentioned previously (Fig. 13) as the
template to align three DNA-conjugated chemical functionali-
ties at the center. The three individual oligonucleotides, having
a 5'-hydrazide functionality, were aligned to react with a 1,3,5-
triformyl benzene resulting in a trishydrazone attached to three
different oligonucleotide sequences. In this method the chemical
connectivity information contained in the W-branched DNA
sequences is copied by template-directed linking.

In an early report in this field the DNA-programmed syn-
thesis of a organometallic complex was demonstrated. Two
salicylaldehyde conjugated oligonucleotides were aligned on a
DNA template in the presence of ethylenediamine and Mn(I1) or
Ni(11) resulting in the formation of metallosalen—-DNA complex
(Fig. 16).%®

In the molecular engineering strategy by Gothelf ez al., two or
three salicylaldehyde groups are contained within the same com-
pound enabling the assembly and covalent coupling of multiple
modules'®®7 The linear oligonucleotide-functionalized module
(LOM) and tripoidal oligonucleotide-functionalized module
(TOM) shown in Fig. 17A were synthesized.® The backbone of
the modules is based on oligo(phenylene ethynylene)s to obtain
a rigid, conjugated and potentially conducting structure. The
modules contain salicylaldehyde moieties at each terminus. The
modules also contain amide spacers at each terminus, which
are connected to 15-mer oligonucleotides via phosphoramidite
chemistry. Oligonucleotides attached at each terminus, are
encoded to link up others containing complementary sequences.
The salicylaldehyde groups of two modules are brought in
close proximity when their complementary DNA sequences
are annealed together. DNA-programmed coupling of the
modules proceeds via manganese—salen formation between two
salicylaldehydes groups in the presence of ethylenediamine
and Mn(11).” The metal-salen forming coupling reaction was
deliberately chosen, since the linkages between the individual
head groups of the modules will be essentially linear due to
the stereochemistry of the manganese—salen complex formed.
The metal-salen link constitutes a potential conducting junction
with the possibility of varying the central coordinated metal.

Depending on the encoding of LOMs and TOMs with
different DNA sequences, assembly and covalent coupling of
the modules into a variety of predetermined nanostructures can
be formed as depicted for selected structures in Fig. 17B. The
products were characterized by denaturing PAGE and dimer and
trimer products were characterized by MALDI-TOF MS. It was
also found that the melting points of the LOM-LOM, LOM-
TOM or TOM-TOM combinations are increased by 15-30 °C
after the coupling of the modules.”™
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is adapted with permission from ref. 10.

The same group later showed that by introducing a disulfide
spacer between the organic module and the DNA sequences,
it was possible to cleave the DNA sequences off the macro-
molecular nanostructures.”>” Tt has also been shown that the
DNA-programmed coupling could be performed by reductive
amination with ethylenediamine and NaCNBH; resulting in
tetrahydrosalen linked structures with significantly increased
stability.” The principle of using DNA to assemble a macro-
molecular organic structure from which the DNA sequences are
subsequently removed is a new aspect of DNA-nanotechnology.
Furthermore, recycling of the liberated thiol modified DNA
sequences may be possible.

DNA-programmed assembly of biomolecules

Assembly of other biomolecules on DNA templates and arrays
may prove useful for fabrication of biomimetics and other
devices with applications such as biochips, immunoassays,
biosensors, and a variety of nanopatterned materials. The logical

end to the shrinking of microarrays is the self-assembled DNA
nanoarray with a library of ligands distributed at addressable
locations to bring analyte detection down to the single molecule
level. We will return to complex DNA tiling structures momen-
tarily, but first we will look at simpler dSDNA systems.

The conjugation of DNA and streptavidin via a covalent linker
was reported by Niemeyer ez al. in 1994, and these conjugates
were applied to DNA-programmed assembly on a macroscopic
DNA array on a surface and in a nanoscale array made by
aligning DNA-tagged proteins to specific positions along a
oligonucleotide template (Fig. 18).”*7* The covalent attach-
ment of an oligonucleotide to streptavidin provides a specific
recognition domain for a complementary nucleic acid sequence.
In addition, the binding capacity for four biotin molecules is
utilized as biomolecular adapters for positioning biotinylated
components along a nucleic acid backbone (vide infra).

Biotin labelled oligonucleotides are commercially available
and are routinely used in molecular biology, and their applica-
tion for nanostructuring is growing in popularity.””> Niemeyer
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Fig. 18 Conjugation of 5'-thiol oligonucleotide and streptavidin, and
alignment of the conjugates on a 170-mer RNA template. Adapted with
permission from ref. 7.

applied 169-mer dsDNA sequences labelled with biotin in the
S'-positions for the formation of DNA-streptavidin networks
(Fig. 19A).7%™ Despite the tetravalent binding capacity of
streptavidin it serves primarily as a bi- or trivalent linker between
the oligonucleotide strands as observed in the AFM pictures
of the aggregates shown in Fig. 19B. By thermal denatura-
tion and rapid cooling these aggregates are transformed into
DNA-streptavidin nanocircles as imaged by AFM (Fig. 19C).
Nanocircles with DNA sequences of sizes varying from 87 to
485-mer sequences were formed and, depending on the length
and concentration, up to 77% nanocircles were formed relative
to other structures for the larger DNA sequences, whereas
28% nanocircles were formed from the 87-mer sequences.

28 .
b

B e

X=y:41 nm

Fig. 19 (A) Self-assembly of DNA-streptavidin conjugates. (B) AFM
images of the oligomeric DNA-STV aggregates and (C) of the DNA—
streptavidin nanocircles. (D) Ionic-switching of a DNA;—(streptavidin),
by increased supercoiling of the interconnecting DNA linkers. Adapted
with permission from ref. 7.
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The nanocircles were, furthermore, functionalized with hapten
groups such as fluorescein and applied in an immuno-PCR
assay.” During the studies of the aggregates, in this case a
DNA;-(streptavidin); structure, supercoiling of the dsDNA-
sequences induced by increased Mg** concentration led to a
significant structural change, decreasing the distance between
the streptavidins as illustrated in Fig. 19D.

Besides duplex DNA structures, more complex self-
assembling DNA tiling structures have been used to organize
biomolecules into specific spatial patterns. DNA nanostructures
covalently labelled with ligands have been shown to bind protein
molecules in programmed patterns, for example, making use
of the popular biotin/avidin pair, arrays of evenly spaced
streptavidin molecules were assembled on DNA tile lattice.™
On 4 x 4 cross tile lattice, individual streptavidin molecules are
visible as separate peaks in the AFM image (Fig. 20). Single
molecule detection could be achieved on DNA nanoarrays
displaying a variety of protein binding ligands.

A

500x500nm

Fig. 20 (A) Schematic drawing of 4 x 4 cross tile lattice carrying a
biotinylated central strand and streptavidin molecules (blue) binding to
the functionalized sites. (B) AFM image showing individual streptavidin
proteins at the vertices of the cross tile array. Adapted with permission
from ref. 31.

Further design evolution of the 4 x 4 cross tile system to a two
tile type (A and B) tile set allowed for somewhat more complex
structures and patterns.®® In this study, some size control of
lattice and partial addressability were demonstrated, but the
display patterns were still periodic and symmetric (Fig. 21).
In ongoing experiments, finite-sized objects with independent
addressing have been used to assemble a range of specifically
patterned protein arrays in high yield.*!

Another exciting future use for biomolecules specifically
patterned on self-assembled DNA nanostructures is the specific
deposition of inorganic materials via crystal nucleation. Natural
peptides and proteins have been implicated in the growth of
nano-patterned silica by living organisms.*?> Peptides and RNA
sequences have been artificially evolved by in vitro selection
to specifically bind and precipitate or crystallize various semi-
conductors and metals.?** Patterning these species on 3D DNA
lattices could provide a method for bottom-up assembly and
controlled deposition resulting in a wide variety of complex
inorganic structures for use in nanoelectronics, photonics, and
other fields.

DNA-programmed assembly of materials

In analogy to the immobilization of DNA on a variety of
solid surfaces, the conjugation of DNA and analogs with
metal nanoparticles, semiconductor nanoparticles and polymer
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Fig. 21

Atomic force microscopy images of the programmed self-assembly of streptavidin on 1D DNA nanotracks. Panels a and b are AFM images

of bare A*B and A*B* nanotrack before streptavidin binding, respectively, where tiles marked with “*’ indicate the presence of biotinylated strands.
Panels ¢ and d are AFM images of A*B and A*B* nanotrack after binding of streptavidin. All AFM images are 500 nm x 500 nm. Adapted with

permission from ref. 80.

particles is becoming increasingly important. Such DNA-
conjugated materials have in several studies found application
for biosensors and the reader is addressed to recent excellent
reviews for a detailed overview.>'** Here the main focus will
be on the application of DNA to assemble materials into well
defined nanostructures.* Two important pioneering reports on
the assembly of gold nanoparticles by hybridization of DNA-
nanoparticle conjugates were published back-to-back in Nature
in 1996.%% Mirkin et al. prepared two samples of 13 nm
gold nanoparticles functionalized with 3'-thiol-linked DNA
sequences and 5-thiol-linked DNA sequences, respectively.®
If a solution containing the two DNA-nanoparticles is mixed
with a DNA target complementary to both DNA-nanoparticle
sequences, hybridization will force the particles to aggregate
(see Fig. 3). This change in interparticle distance causes a
change in the plasmon absorbance due to plasmon coupling.
The resulting color change in the presence of the target is a
very efficient and easy method for DNA-detection and has
been developed in a series of subsequent reports.’*#% In one
extension they reported on the DNA-programmed placement of
8 nm gold particles around larger 31 nm gold particles (Fig. 22).%
Depending on the ratio between nanoparticles 1 and 2, the
“satellite structures” were observed within extended assemblies
or in isolated structures as shown in Fig. 22B.

Whereas the examples mentioned above utilize nanoparticles
functionalized with several oligonucleotide strands per nanopar-
ticle, the approach described by Alivisatos, Schultz and co-
workers applies gold nanoparticles labelled with only single
oligonucleotide molecules.*” Small 1.4 nm gold nanoparticles
containing one maleimide group per cluster were reacted with 5'-
or 3'-thiol modified 18-mer oligonucleotides. By annealing two
or three of these DNA-nanoparticle conjugates with a DNA
template, homodimeric or homotrimeric nanoparticle assem-
blies were formed as verified by TEM. In more recent studies
heterodimeric and heterotrimeric gold nanoparticle assemblies
were also obtained by using nanoparticles of different sizes.'® In
Fig. 23 the DNA-programmed arrangement of 5 nm and 10 nm
gold nanoparticles into non-periodic assemblies is shown. Itis an
excellent example of the power of DNA to encode and assemble
materials, but it also shows the lack of structurally rigidity of
dsDNA, since precise positional arrangement of nanoparticles

is not obtained. In a very recent study, homotetrameric DNA—
nanoparticle assemblies containing extendable hairpin loops
were reported.” Related studies using branched DNA-sequences
were performed by others.*?

Niemeyer et al. have published several papers on DNA
conjugated with biomolecules (vide supra) and they have ex-
tended this work to the DNA-programmed assembly of gold
nanoparticles.™ Short 5'-thiol modified DNA strands were
attached covalently to streptavidin, and gold nanoparticles
(1.4 nm) with a single amino substituent were coupled to a
biotin moiety. These two components were mixed and four of the
biotinylated-gold nanoparticles were linked to the streptavidin—
DNA conjugate due to the strong and specific affinity of
biotin for the four binding sites of streptavidin. Up to six
of these DNA-streptavidin—gold nanoparticle structures with
individual DNA sequences were annealed with a complementary
170-mer RNA sequence, resulting in alignment of the six
nanoparticle-streptavidin complexes in a line as verified by
TEM. In another study they reported the functionalization of
gold nanoparticles with up to seven different 3'-thiol and 5'-
thiol modified oligonucleotide sequences for the detection of
different target sequences using the same oligofunctional DNA
gold nanoparticles.”®

In a recent publication a method for reversible switching
of DNA-gold nanoparticle aggregation was developed.** Gold
nanoparticles (23 nm) bound to two different 12-mer oligonu-
cleotides (a and b) were applied. In the presence of a template
containing sequences a’ and b’, the nanoparticles will aggregate
upon hybridization as in the concept developed by Mirkin
et al® Niemeyer et al. extended this to a system capable of
undergoing DNA-programmed reversible switching between ag-
gregation and dispersion by applying two complementary “fuel”
oligonucleotides, F, and F, (Fig. 24). The base sequence of F,
is comprised of the template sequences a’ and b’ plus a short 4-
mer sequence c¢'. The hybridization between the F, template and
the nanoparticle DNA-sequences is disrupted by the addition
of the fully complementary fuel strand F, (Fig. 24, stage III)
which strips F, out of the complex, leading to the formation
of a waste duplex and redispersion of the nanoparticles. The
switching between the aggregated and dispersed nanoparticles
was easily detected by UV-visible spectroscopy due to the
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Fig. 22 (A) Formation of DNA-gold nanoparticle aggregates by
hybridization of DNA sequences on 8§ nm gold nanoparticles and
31 nm gold nanoparticles with a DNA template. (B) TEM image of
a nanoparticle satellite structure obtained from the reaction involving a
120:1 ratio of 8 nm and 31 nm nanoparticles. Adapted with permission
from ref. 90.

previously mentioned interparticle distance dependent change
in the plasmon resonance absorption. It was demonstrated that
the switching could be repeated at least seven times, and it is
important to note that the waste product (dsDNA of F, and F,)
was not removed during the seven cycles. It was sufficient to add
increasing amounts of F, and F, in each cycle.

Combining DNA'’s ability to organize nanomaterials with
the diverse and programmable structures available from self-
assembling DNA tile lattice strategies has resulted in several
initial steps toward the bottom-up assembly of nanomaterials
that may prove useful as electronic components. A TX tile
assembly was used to align a modest number of 5 nm gold
particles in single and double layer rows.*® This construction
used tiles containing integral biotin-labelled DNA strands and
streptavidin bound gold particles. In another study, DX tile
arrays were used to pattern 6 nm gold particles into precisely
spaced rows covering micrometre scale areas as shown in
Fig. 25.% This study featured gold nanoparticles labelled with T 5
oligonucleotides which base-paired with assembled DX lattice
displaying single-strand A5 sequences hanging off certain tiles.
The ability to organize electrically active species such as gold
using DNA points the way toward the templating of complex
devices and circuits for applications in nanoelectronics.

DNA-programmed assembly of materials other than gold
nanoparticles has also been reported. Such materials include,
semiconductor  nanoparticles,””  nanorods,”® mesoscale
particles,*'® and dendrimers!®'”2 Most of these examples are
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Fig. 23 Schematic illustrations and TEM images for nanocrystal
10 and/or 5 nm gold nanoparticle-DNA structures. Adapted with
permission from ref. 18.
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Fig. 24 Reversible aggregation of DNA-modified gold nanoparticles
using fueling oligonucleotides F, and F,;. Adapted with permission from
ref. 94.

Fig. 25 TEM image of gold nanoparticles organized on a
self-assembled DX tile lattice using complementary base-pairing inter-
actions. Adapted with permission from ref. 95.





based on linear assembly of two complementary DNA strands
leading to dimers or aggregates. Many examples of nanowires
templated on DNA molecules by a variety of electroless
deposition protocols (including fabrication of a field effect
transistor'®) have also been reported, but these are beyond the
scope of this article.

Carbon nanotubes are one of the most promising materials
for nanoscience due to their unique structure and mechanic and
electronic properties.’® In recent years chemical conjugation of
organic and bioorganic compounds with carbon nanotubes is
a field that has developed rapidly.!® The ability to control the
exact positioning of multiple carbon nanotubes by means of
DNA-programmed assembly would be a major achievement
in nanoscience. In a few reports, the conjugation of carbon
nanotubes with DNA!%'"” and with PNA has been described.'®
In these reports carbon nanotubes were shortened into frag-
ments by oxidation, resulting in carbon nanotube fragments
with carboxyl groups in the terminal positions and, to some
extent, in their walls. Covalent coupling of 5-amino DNA-
sequences or PNA to carboxyl groups on the nanotubes led
to the formation of carbon nanotubes coupled with DNA or
PNA sequences. Carbon nanotubes containing 12-mer PNA-
sequences were annealed with dsDNA sequences containing 12-
mer sticky ends and imaged by AFM.'® In the work by Dai ez al.,
multi-wall carbon nanotubes (MWNTs) and single-wall carbon
nanotubes (SWNT) functionalized with 20-mer DNA sequences
were annealed with complementary sequences attached to gold
nanoparticles.'”” The resulting aggregates were deposited on
mica and imaged by AFM (Fig. 26). The images revealed the
occasional interconnection of individual MWNTs by a gold
nanoparticle. The surface plot in Fig. 26B shows a gap between
the gold nanoparticle and the MWNT corresponding to the
7 nm length of the 20-mer dsDNA connecting the two materials.

l
- _
(b)

Fig. 26 (A) AFM image of the interconnection of two MWNTs by a
gold nanoparticle (scanning area: 0.55 pm x 0.55 um). (B) 3-D surface
plot of (A). Adapted with permission from ref. 107.

In another study, SWNTs were assembled between preposi-
tioned metal electrodes via complementary DNA base-pairing
by ssDNA on the gold electrodes (thiol-labelled oligos) and
the oxidized SWNTs (3'-amino-labelled oligos).'” Electrical
conductivity between the electrode pairs was shown to be
highly dependent on the presence of complementary DNA
on the electrodes and nanotubes. These initial investigations
of carbon nanotube-DNA conjugates hold great promise for
future developments in the assembly of nanotube structures with
useful electronic and mechanical properties.

Conclusions

In the ultimate development of bottom-up nanofabrication
strategies it will be possible to assemble large numbers of easily
available building blocks, and depending on the nature and
programming of the building blocks they will self-assemble into
complex nanostructures with enzyme-like properties, electronic
circuits with efficient contacts to larger length scales, memory
storage devices, drug delivery robots, multifunctional diagnostic
devices for in vivo application, or even systems capable of self-
reproduction. Only the future will tell how much of this will be
realized in practice, but whatever develops, DNA-programmed
assembly will undoubtedly play a central role.

We are now learning the basics of how to position materials
with DNA. It has been demonstrated that DNA molecules are
used to assemble a small number of components (< 10) such
as organic molecules, biomolecules and nanoparticles into well
defined assemblies or aggregates. Furthermore, complex DNA
building blocks have been assembled into highly regular 2D
DNA-lattices, which in some cases were used for the periodic
incorporation of proteins or nanoparticles. Formation of DNA-
wires and 3D constructs has also been described. Most of the
reports describe model-studies, but some of the systems have
found application, in particular for DNA-sequence detection.®

The area of DNA-nanotechnology will undoubtedly con-
tinue to evolve and improve our present ability to position
materials using DNA. Specific topics we find of particular
importance and interest include: (i) the development of new
DNA-constructs with enhanced properties for materials as-
sembly, (ii) the design of new DNA structures which can
control the formation of nanoparticle devices for application in
electronics and photonics, (iii) the assembly of 2D DNA lattices
on surfaces with individually addressable connecting points
for future development of nanoarrays, (vi) major advances in
DNA-programmed assembly of advanced carbon nanotube-
based architectures, in particular if the problems regarding the
synthesis of monodisperse carbon nanotube fragments of similar
size, structure and properties are solved, (v) further development
in DNA-programmed assembly and covalent coupling to form
macromolecular nanostructures with potential application in
molecular electronics, catalysis and new macromolecular ar-
chitectures, (iv) design of other systems for DNA-programmed
assembly, in which the organic, bioorganic or inorganic building
blocks are connected by other means than DNA-hybridization
leading to structures that are stable after removal of the DNA-
sequences.

Since the elucidation of its structure, DNA has fascinated
mankind, as it reduces the information behind all living organ-
isms to a code based on only four chemical compounds. We
are now able to engineer DNA and to conjugate it with other
materials. This has opened almost unlimited possibilities for
design of structures and for programmed assembly events at the
nano-scale.
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An unprecedented series of C,4 oxylipins (1-8) has been characterized from the marine diatom Thalassiosira rotula.
Absolute stereochemistry of the major alcohols 2 and 3 was determined to be 9 by spectroscopic and chemical
methods. All the described products are formally derived by unprecedented enzymatic oxidation of C, fatty acids.
Conversion of hexadeca-6,9,12-trienoic acid (C16:3 ©-4) into 3 unequivocally established the occurrence of (at least)
a specific 9S-oxygenase activity. To the best of our knowledge, the present data reveal for the first time the existence
of an organic network of oxygenase-mediated transformations that require C,, fatty acids as substrates in living cells.

Introduction

Oxylipins have been emerging as important signal transduction
molecules widely distributed in animals and plants. To date, the
family is known to embrace several different metabolites that
share a common origin from the oxygenase-catalyzed oxygena-
tion of C,;3 and C,, polyunsaturated fatty acids.! Following the
recent report on the ecological role of polyunsaturated aldehydes
in marine diatoms,> we first proved the original capability
of the marine microalga Skeletonema costatum to transform
glycolipid-derived hexadecatrienoic acid (HTrA,* C16:3 w-4)
to octadienal through an oxygenase pathway.* More recently,
we have established that such an ability is common also to
another diatom, namely Thalassiosira rotula, that produces the
major antiproliferative aldehydes octadienal and decatrienal by
enzymatic oxidation of chloroplastic HTrA and eicosapentenoic
acid (EPA, C20:5 ®-3).° In the course of these studies, we
noticed that the extract of the microalga also contained several
other oxylipins apparently not correlated to the formation of
aldehydes. The work described herein is the first account of this
research, reporting the identification and biogenesis of the major
metabolites, all formally derived by unprecedented enzymatic
oxidation of C, fatty acids.

Results and discussion

Axenic cultures of 7. rotula were obtained and manipulated
as described in the Experimental section. Keto- and hydroxy-
fatty acid derivatives were purified as methyl esters 1-8 after
methylation of the diatom extract with ethereal diazomethane.
The structures of the two major derivatives 1 and 2 were easily
determined as (7E)-9-ketohexadec-7-enoic acid methyl ester and
(7E)-9-hydroxyhexadec-7-enoic acid methyl ester by ESI*-MS
spectrometry and NMR spectroscopy. In particular, in-source
collision-induced dissociation® spectra (cone voltage = 90 V)
of 1 exhibited a diagnostic ion at m/z 165, which derives from
the cleavage of the conjugated double bond between C7 and
C8; in addition, TOCSY and HMBC spectra clearly indicated
the presence of two separate spin systems from C2 to C8
and from C10 to C16 (Table 1). The trans stereochemistry
of the double bond was established on the basis of the H7-
HS8 coupling constant (J = 15.8 Hz). Similar results were
obtained for 2, and the structural relationship between the
two oxylipins was proved by DIBAL reduction of 1, to give

This journal is © The Royal Society of Chemistry 2005 |

racemic 2. The absolute stereochemistry at C9 of this latter
metabolite (2) was determined in agreement with the method
recently proposed by Williamson and co-workers.” However, to
achieve the determination on the microscale, the methodology
was slightly modified by inverting the order of the reactions
reported in the literature. Therefore, dichlorodimethylsilane was
first added to a solution of the 9-hydroxy methyl ester 2 (1.4
umol) in dry pyridine (200 pl), and then the resulting silyl
derivative was reacted in situ with an excess of (R)- or (S)-
a-(trifluoromethyl)benzyl alcohol to give the diastereomeric
2a and 2b. After purification on silica gel, both compounds
were fully characterized by NMR spectroscopy. Differences
in the '"H chemical shifts (0x — Js) of the diastereomeric [o-
(trifluoromethyl)benzyloxy]dimethylsilyloxy (R- and S-PhTFE)
derivatives 2a and 2b (Fig. 1) indicated the S configuration of
the secondary alcohol, thus characterizing compound 2 as the
methyl ester of (9.5)-9-hydroxyhexadec-7-enoic acid.

9S8
C\A/’(\N\/\COZMe z SN
HO™ "H

CO,Me
o 1 2
| 9s
C;{\/\/\/\COZMS @{E/\/\/COZM&%
R H H ©OH
2a R = R-PhTFE 3 9S-HHTrE
2b R = S-PhTFE
/ F
‘ 0 ‘ H oH
= COMe "¢ CO,Me
4 6-KHTE 5 6-HHTE
| //gs CO,Me = 7 ¢
= 2 6 CO,Me
H OH
6 9S-HHTE 7 6-KHTrE
‘ H OH
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Table1 NMR data (C{D,, 600 MHz) for oxylipins 1-5 from 7 rotula. Complete assignments were determined on the basis of 1D and 2D NMR

experiments
1 2 3 4 5
lHa 13Cb lHn 13Cb ]Ha 13Cb lHa 13Cb lHa
Cl — 173.2 — 173.4 — 173.0 — 172.9 —
Cc2 2.08,t,7.4 334 2.09,t,7.4 33.7 2.06,t, 7.4 33.7 2.04,1,6.9 33.8 2.03,t,7.2
C3 1.48,q,7.4 24.4 1.54,q,7.4 249 1.51,q,7.4 24.5 1.48, m 24.4 1.48, m
Cc4 1.08, m 28.5 1.16, m 28.8 1.20,q,7.4 29.4 1.53, m 28.9 1.26, m
C5 1.15, m 27.9 1.25, m 29.5 1.90,q,7.4 20.9 2.13,t,7.2 40.6 1.36, m
Cce6 1.80,q, 7.0 31.8 191,q,7.0 322 542, m 125.5 — 198.2 3.88,q,
C7 6.64,dt, 15.8 145.5 5.50, dt, 15.3 130.5 5.40, m 132.0 5.95,d,15.3 129.9 5.52,dd, 14.9
and 7.0 and 7.0 and 6.0
C8 6.0,d, 15.8 130.5 5.43,dd, 15.3 134.2 2.19, m 35.8 7.58,dd, 15.3 135.4 6.53,dd, 14.9
and 6.6 2.25,m and 11.5 and 10.8
9 198.6 393, m 72.7 4.05, m 71.8 5.88,t, 11.5 127.1 6.0,t, 10.8
C10 2.27,1,74 39.9 1.55, m 37.7 5.60, dd, 15.1 136.0 5.55,dt, 11.5 138.8 5.40, m
1.43, m and 5.9 and 7.5
Cl11 1.64, m, 7.4 24.0 1.33, m 29.9 6.65,dd, 15.1 125.2 2.76,1,7.5 26.0 2.90,1,6.3
and 10.9
Cl2 1.22, m 28.8 1.24m 29.1 6.07,t,10.9 128.5 527, m 127.4 5.40,°m
C13 1.20,°m 31.6 1.24,°m 322 5.38, m 132.0 5.38, m 127.9 5.40,° m
Cl4 1.20,m 31.6 1.24°m 32.2 2.09,q,7.4 29.7 2.63,1,6.2 31.2 2.73,1, 6.0
C15 1.23, m 22.5 1.26, m 22.5 1.32, m 22.7 5.70, m 136.2 5.72, m
Cl6 0.86,t, 7.4 13.8 0.88,t, 7.0 14.0 0.83,t,7.4 134 4.97,dd, 10.1 115.0 4.98, dd, 10.1
and 1.5 and 1.5
5.02,dd, 17.1 5.05,dd, 17.1
and 1.5 and 1.5
OCH, 3.36,s 50.8 3.35,s 50.8 3.34,s 50.8 331, s 50.5 3.33,s

“'H NMR data is given in the form: §/ppm, multiplicity, J/Hz. * *C NMR data is given in d/ppm. ¢ Overlapping signals.

and methylation of the resulting oil, LC-MS analysis of the

-0.07 -0.06 -0.01

RO, J!

+0.05
+0.04

P CO,CH3;

+0.02

+0.01

+0.01

Fig. 1 Absolute stereochemistry of alcohol 2. Ad values (= 0z — J5)
are indicated. R = R- or S-PhTFE.

Compound 3 exhibited UV absorbance (4., 235 nm) and
a ESI*-MS pseudomolecular ion (m/z 303.5 for [C;Hx0; +
Na]J") indicative of a hydroxy derivative of the HTrA methyl
ester. The '"H NMR spectrum of this material after purification
confirmed this suggestion, showing the typical signals of a

peak at 19.5 min indicated the presence of 9S-HHTrE methyl
ester [m/z 303.5 (M + Na*)] together with its hexadeuterated
analogue [m/z 309.5 (M + Na%)] (Fig. 2), thus proving the
enzymatic conversion of HTrA to 3. No product was obtained
by incubating the deuterated precursor with boiled preparations
of the diatom, thus further supporting the enzymatic origin of 3.

100, 303.485{ 9S-HHTrE

304.5133
309.5292

/
310.5392
| ll /
1, I s

®

Il
s mi

m/7303.5

R R

hydroxylated methine group (H-9, ¢ 4.05) coupled to a trans,cis- ds 9S_HM
diene moiety (H-10/H-13, 6 5.60, 6.65, 6.07 and 5.38) and N 2z
of diastereotopic allylic protons (H,-8, 6 2.25 and 2.19). The TUUOUUT9000 0 18000 1900 2000 minutes

other NMR resonances (Table 1) were in agreement with the
structure depicted, proving that compound 3 is the 9-hydroxy
derivative of (6Z,9E,12Z)-hexadeca-6,9,12-trienoic acid methyl
ester (here named 9-HHTrE). To corroborate the enzymatic
origin, we decided to determine the absolute stereochemistry
of 3 by application of the strategy described in Scheme 1.
Hydrogenation of the 9S alcohol 2 with 5% palladium on
carbon gave the S enantiomer (9a), and NaBH, reduction
of the ketone 1 gave the racemic mixture (9a/9b) of 9-
hydroxyhexadecanoic acid methyl ester. Comparison of these
products by chiral APCI* HPLC allowed us to discriminate
the enantiomeric peaks (Scheme 1C), thus providing a tool
suitable for the characterization of 3. In fact, Pd-catalysed
hydrogenation of 3 led to a single derivative that was recognized
as the R isomer of 9-hydroxyhexadecanoic methyl ester (9b)
by elution on the chiral column. This assigned the structure
of 95% optically pure (6Z,9S5,10E,127)-9-hydroxyhexadeca-
6,10,12-trienoic acid methyl ester to 3. The origin of 3 was
investigated by incubating Thalassiosira homogenates with d,-
HTrA prepared as described previously.* After extraction
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Fig. 2 RP LC-MS analysis of Thalassiosira homogenates incubated
with de-HTrA. ESI*-MS spectrum of the peak eluted at 19.5 min
(inset) and chromatographic profiles of methyl esters of 9S-HHTrE
(3) and ds-9S-HHTYE (ds-3). obtained by ion extraction at m/z 303.5
(Ci;H0; + Na*) and 309.5 (C;;H»DsO; + Na*), respectively.

Compound 4 showed an ESI"-MS pseudomolecular ion at
m/z 299 (IM + Na]*) consistent with the formula C,;H,,O;.
The strong UV maximum at 282 nm indicated the presence
of extended conjugation suggestive of an a,f,y,0-unsaturated
ketone. Consistently, NMR experiments (Table 1) indicated the
presence of one keto group at 6 198.2 (C6) separating two
independent spin systems. One of these embraced most of the
deshielded signals, including the diene residue H-7/H-10, one
disubstituted double bond H-12/H-13 (4 5.27 and 5.38) and the
terminal methylene H-15/H,-16 (6 5.70,4.97 and 5.02). The sec-
ond fragment extended between two methylene groups at é 2.04
(H,-2) and 2.13 (H,-5) through two shielded signals attributable
to H,-3 (6 1.48) and H,-4 (5 1.53). The stereochemistry of the
double bonds was identified as 7E,9Z7,12Z on the basis of the





2
NaBH,
~ CO,Me
0 R2
1

H, on Pd/C

_;\U\

CO,Me 9R

9S 9R
CO,Me =——
C
9a R, =H: R, = OH
9b R, = OH; R, = H
D
———
COMe i"ﬁ\‘
9% 1.0 120 min

Scheme 1 Chiral analysis of 3 from Thalassiosira rotula. The 9S and 9R enantiomers of hydroxyhexadecanoic acid methyl esters (9a and 9b,
respectively) were prepared by hydrogenation of 2 and 3, respectively. Racemic hydroxyhexadecanoic acid methyl ester (9a/9b) was obtained by
NaBH, reduction of 1. (A) 9a; (B) 9a/9b + 9a; (C) 9a/9b; (D) 9a/9b + 9b; (E) 9b.

coupling constants of the vinyl protons (15.3, 11.5 and 7.5 Hz,
respectively), thus yielding the overall structure of compound
4 as the methyl ester of (7E,9Z,127)-6-ketohexadeca-7,9,12,15-
tetraenoic acid (here named 6-KHTE).?

The '"H NMR data of compound 5 (Table 1) show a strong
resemblance with that of 4, providing evidence for the presence
of a cis,trans diene system, one isolated double bond and one
terminal olefin. Clear differences in the spectra of the two
compounds were only evident in the high-field region, which
in compound 5 features a distinctive resonance due to an
allylic alcohol (H-6, ¢ 3.88). Considering the molecular formula,
C,;H,0; (calculated from the ESI*-MS molecular ion at m/z
301 [M + Na*]) and the hypsochromic shift of the UV absorption
(Amax at 236 nm), these data established for 5 the structure of
the methyl ester of (7E,9Z,122)-6-hydroxyhexadeca-7,9,12,15-
tetraenoic acid (here named 6-HHTE). Purified from 7. rotula, 5
eluted as a single enantiomer using chiral HPLC, but the absence
of reference compounds and the small amount of the compound
did not allow us to determine the absolute stereochemistry.

In addition to compounds 1-5, lysis of T rotula cells
produced a complex group of minor oxylipins (Fig. 3). Although
these compounds occurred at levels too low to allow their
isolation, a combination of LC-MS/MS and NMR techniques
proved to be suitable to recognize at least three major classes
of metabolites derived by oxidation of HTrA, hexadecate-
traenoic acid (HTA,® C16:4 w-1) and octadecatetraenoic acid.
In particular, chemical investigation of the raw methylated

1004
1
9-HHTE
6-KHTE , (6)
@ 9S-HHTrE
ol @) 2
6-KHTrE
@]
4-HHTrE

'l ®

T T T T T T T T T T T T T T

5.00 10.00 16.00 20.00 25.00 30.00 35.00

Fig.3 LC-ESI*-MS profile of oxylipins from methylated extracts of 7
rotula.

extracts of the microalga were consistent with the presence
of the methyl esters of (6Z,10E,12Z,15)-9-hydroxyhexadeca-
6,10,12,15-tetraenoic acid (6, named 9-HHTE), (7E,9Z,1227)-
6-ketohexadeca-7,9,12-trienoic acid (7, named 6-KHTrE) and
(7E.9Z,127)-6-hydroxyhexadeca-7,9,12-trienoic acid (8, named
6-HHTYE). Notably, synthesis of these compounds was drasti-
cally inhibited when diatom cells were boiled prior to the lysis.

HTrA metabolism was assayed to document oxylipin synthe-
sis in 7. rotula. Microsomal origin was indicated by production
of deuterated 3, 7 and 8 after incubation of crude homogenates
and sub-cellular fractions of the diatom with ds-HTrA. The
levels of 7 and 8 were significantly increased in comparison to
the natural samples, thus allowing us to be more confident with
the structure assignment. In particular, MS/MS fragmentation
of the pentadeuterated derivative of 7 (ESI* m/z 306 [M + Na]*,
C,;H,;yD;0;) indicated a fragmentation o to the keto function,
consistent with the LOX-derived structure of 7. Synthesis of
deuterated derivatives of HTrA was not observed in 102 000g su-
pernatant, thus confirming that membrane-bound proteins are
responsible for the synthesis of the aforementioned compounds.
Consistent with the hypothesis that the oxylipin profile reflects
LOX arsenal, microsomal fractions of 7. rotula were incubated
with HTrA, and lipoxygenase activity was directly measured by a
specific spectrophotometric method described in the literature.?
Using HTrA as substrate, we found that the diatom microsomes
gave a clear coloration dependent on the addition of the fatty
acid.

The presence in diatom extracts of other enzymatic activities
involved in the lipoxygenase pathway (e.g., hydroperoxide lyases)
and organic compounds, make the isolation and characteriza-
tion of Thalassiosira lipoxygenase very difficult. Preliminary
data were obtained only by native isoelectric focusing (IEF)
after precipitation of the diatom proteins by ammonium sul-
fate. The lipoxygenase activities were directly localized on the
polyacrylamide gels by a specific staining technique® using o-
dianisidine as developer and HTrA (lane B), linoleic acid (lane
C) and EPA (lane D) as substrates (Fig. 4). One major band was
observable with HTrA, while the gel revealed more activities
when stained with EPA. The positive bands presented average
pH values of 5.63 suggesting a pl (protein isoelectric point)
near this value. A more detailed pl determination, carried out
using the same ampholyte pH gradient with a double gel length
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Fig. 4 1EF PAGE of Thalassiosira lipoxygenases. Lane A = to-
tal protein; lane B = HTrA-dependent LOX activity; lane C =
linoleate-dependent LOX activity; lane D = EPA-dependent LOX
activity. Gel was stained with Coomassie for total protein and with
o-dianisidine and fatty acid for LOX activity.

(about 13 cm), gave values between 5.61 and 5.76 (data not
shown), in agreement with other known lipoxygenases from
rabbit reticulocyte (pI = 5.5),° from Pleurotus ostreatus (pl =
5.1)™" and lipoxygenase isoenzymes from germinating barley
(pI =5.2-5.3).”

In conclusion, cells of 7. rotula have an oxidizing activity
capable of converting polyunsaturated fatty acids to a variety
of unprecedented oxylipins. Although some minor components
could be generated non-enzymatically in vitro, the high stere-
ospecificity of 2 and 3 (compound 5 also occurs as a single
enantiomer but we were not able to determine its absolute
stereochemistry) implies that enzymes participate in their syn-
thesis. Preliminary data on the molecular characterization of the
lipoxygenase activities suggest the presence of more than one
activity (Fig. 4), in agreement with the oxylipin profile showing
metabolism of at least C,; and C,, fatty acids. In fact, besides
the synthesis of decatrienal from EPA," the data substantiate
unambigously the presence of a 9S-specific lipoxygenase that
triggers the synthesis of 3 from HTrA. Yet, structural and
biochemical considerations also suggest an enzymatic origin of
4-8 through C9 or C6 oxidation of HTrA and HTA (Scheme 2).
Unfortunately, the IEF bands (pI = 5.61-5.76) were too close
to allow us to discriminate between the different activities. The
low protein quantities and the lipophilic nature of Thalassiosira
LOXs have so far prevented further purification, as well as the
determination of the molecular weight in SDS PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis).

6-Loi(/

COH

\iLOX

HTrA/HTA

‘ H ooH
% \ COH
| o]
7 COH
4and7
‘ H oH | s
— COH 7 S CO,H
H OH
5and 8 Jand 6

Scheme 2 Biosynthetic proposal of the origin of oxygenated C,q
derivatives of 7. rotula.
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We are currently studying the origin and role of oxylipins in 7
rotula. In particular, in analogy with plants, we are considering
if these and other uncharacterized compounds in vivo may act as
chemical messengers in diatom/diatom communication, or may
be parts of a signal transduction system that serves to protect
diatom cells from various stresses (oxidant injury, predation,
pathogen interaction). In this regard, it interesting to note that
3 is derived from the same hydroperoxide that is involved in the
formation of the ecologically relevant aldehydes octadienal and
octatrienal."®

Experimental
General

Solvents were purchased from Carlo Erba (Milano) and distilled
prior to use. Silica-gel chromatography was performed using
precoated Merck F254 plates and Merck Kieselgel 60 powder.
HPLC purifications were carried out on a Waters chromato-
graph equipped with an R401 differential refractometer and
490E UV multiwavelength detector. GC-MS data were obtained
by a Hewlett Packard 5989B mass spectrometer equipped with
a 5890 Series II Plus gas chromatograph. LC-MS analysis
was performed on a Qtof-micro mass spectrometer (Waters)
equipped with an ESI or APCI source and coupled with an
HPLC Alliance 2695 system. NMR spectra were registered on a
Bruker AMX 400 or a Bruker DRX 600 equipped with inverse
TCI Cryoprobe®. [6,7,9,10,12,13-*H¢]hexadeca-6,9,12-trienoic
acid (d¢-HTrA) was prepared as previously described.*

Cell culturing

Axenic coltures of T. rotula were prepared as described in
Miralto et al* Briefly, diatoms were grown in Guillard’s
(F/2) Marine Enrichment Basal Salt Mixture Powder (Sigma—
Aldrich) medium, on a 12 h light/12 h dark cycle, and a light
intensity of 20.9 J mol~' um=2 s~'. Cells were kept in 10 L tanks
for 1 week and then harvested by centrifugation at 1200g in a
swing-out rotor. The procedure for preparing and maintaining
axenic cultures is identical to that reported in ref. 3.

Extraction, purification and analysis of oxylipins

About 25 g of frozen cells were extracted as previously
described.'* Briefly, the cell pellets were sonicated in distilled
water (1 mL g~' cell pellet) for 1 min, and left for 30 min. Acetone
(25 mL) was then added to the suspension and the resulting
solution was centrifuged at 2500g for 5 min. The cell pellet was
extracted with acetone—H,O 1 : 1 (25 mL x 2). The supernatants
were pooled together and extracted with the same volume of
CH,Cl, (100 mL x 3). The organic layers were combined,
dried over Na,SO, and then evaporated under reduced pressure.
The crude extract was methylated with ethereal diazomethane
and successively fractionated on silica gel column by a polarity
gradient system (Et,O in petroleum ether). Further purification
steps were performed by reverse phase HPLC (Phenomenex C-
18, 100A, 5 pm, 250 x 4.6 mm) eluting with MeOH-H,O 80 :
20 (I mL min~') and monitoring the elution at 210 nm. Every
purified fraction was analyzed by LC-ESI*-MS under the same
conditions. About one-tenth of the column flow was sent to
the ESI source. Alternatively, the crude extracts were dissolved
in MeOH at a final concentration of 1 mg mL~" and directly
analyzed by LC-ESI*-MS/MS as described above.

Stereochemistry of (7E)-9-hydroxyhexadec-7-enoic acid (2)

Dichlorodimethylsilane (54 pmol) was added by a syringe to
a solution of the alcohol 2 (0.4 mg, 1.4 umol) in dry pyridine
(200 pl) under argon. The reaction was kept at 75 °C for 45 min
and then split in two equal parts. These aliquots were then
reacted with (R)- and (S)-o-(trifluoromethyl)benzyl alcohol (108
umol) dissolved in 200 pl of dry pyridine. After 30 min. at





75 °C, the reactions were quenched by the addition of 400 pl
of MeOH. The resulting solutions were dried under reduced
pressure and purified on silica gel by eluting with petroleum
ether—diethyl ether 95 : 5 to give 2a and 2b.

Stereochemistry of (6Z,9E,12Z)-9-hydroxyhexadeca-
6,9,12-trienoic acid methyl ester (3)

Racemic 9-hydroxyhexadecanoate methyl ester (9a/9b) and
(9.5)-9-hydroxyhexadecanoate methyl ester (9a) were prepared
by NaBH, reduction of 1 and hydrogenation of 2, respectively.
9-Ketohexadec-7-enoic acid methyl ester (1, 0.8 mg) in MeOH
was stirred overnight with excess NaBH,. The reaction mix-
ture was acidified with 5% H,SO, and extracted with diethyl
ether three times. The ethereal fractions were combined and
evaporated at reduced pressure to give 0.4 mg of racemic
9-hydroxyhexadecanoic acid methyl ester (9a/9b). (7E,95)-9-
Hydroxyhexadec-7-enoic acid methyl ester (2, 0.3 mg) and 3
(0.2 mg) were purified from diatom extracts as described above
and hydrogenated on 5% palladium on (activated) carbon in
MeOH (0.5 mL). The reactions were stirred under H, for 6 h
and then paper-filtered to give the saturated derivatives 9a and
9b, respectively. For the chiral analysis, the above products were
first purified on RP HPLC (Kromasil C-18, MeOH-H,O 80 :
20, flow 1 mL min™") and then injected onto a Chiralcel OD-
H column (Baker) using n-hexane-isopropanol (98 : 2) (flow
1 mL min~") monitoring the elution by APCI-MS.

Chiral analysis of (7E,9Z,12Z)-6-hydroxyhexadeca-
7,9,12,15-tetraenoic acid methyl ester (5)

Compound 5 was purified from raw extracts of T. rotula by RP
HPLC, eluting with MeOH-H,O 80 : 20 (1 mL min™'), 1 =
236 nm. The peak was collected and re-injected onto a chiral-
HPLC column (Chiralcel OD-H), using hexane-isopropanol
(98 : 2) at a flow rate of 1 mL min~' (detection A = 236 nm).

Conversion of d;-HTrA into d;-HHTYE (dg-3)

The microalgae harvested in stationary phase were centrifuged
at 1200g for 10 min at 16 °C, and the resulting cell pellet (1.2 x
10® cells) was suspended at 4 °C in 2 mL of F/2 medium prior
to the addition of [6,7,9,10,12,13-*H¢]hexadeca-6,9,12-trienoic
acid (dg-HTrA) (15.6 umol g=! of wet cells). The suspension
was sonicated for 1 min, diluted with MeOH and centrifuged
at 2500g for 5 min. The supernatant was recovered, diluted
with water and extracted with CH,Cl, three times. The organic
extracts were evaporated at reduced pressure and methylated
with ethereal diazomethane. After removing the organic solvent,
the oily residue (5.3 mg) was dissolved in MeOH (1 mg mL™")
and analyzed by RP LC-MS as described above. For experiments
with inactivated enzymatic preparations, diatom cultures were
centrifuged as described above and fresh pellets were kept in a
boiling water bath for 10 min.

Oxylipin synthesis and LOX activity in subcellular fractions

To test the subcellular localization of the enzymatic activities
related to oxylipin synthesis, cytosolic and microsomal fractions
of T rotula cells (1 x 10° cells) were prepared after sonication
and successive centrifugation at 9600 and 102000g in an F/2
medium. Pellets and supernatants were incubated with d,-HTrA
(0.5 mg) at room temperature for 30 min. After extraction and
methylation, production of compounds 3, 7 and 8 was monitored
by LC-MS/MS on a RP column (using MeOH-H,0 70 : 30 —
80 : 20 over 15 min, followed by MeOH-H,O 80 : 20 for
40 min). An internal standard (16-hydroxyhexadecanoic acid
methyl ester) was used to correct for losses during extraction.
The process was totally inhibited by boiling the preparations for
10 min.

Using HTrA as an exogenous substrate, LOX analysis in
diatom microsomes was carried out in triplicate with increasing

concentrations of algal cells (1.42 x 10°,2.13 x 10°, 2.84 x 10°
and 4.26 x 10°) in accordance with ref. 8. Activity was expressed
as absorbance at 598 nm per pg of total protein. Protein content
was determined using the Lowry protein assay, following the
instructions of the manufacturer (Bio-Rad), with bovine serum
albumin as standard.

Enzymatic sample preparation

About 5 g of frozen T rotula cells were defrosted at room
temperature and re-suspended in 20 mM sodium phosphate
buffer pH 7.0. The mixture was sonicated (6 cycles of 20 s) in an
ice bath, and the extract centrifuged in a Sorvall centrifuge at
10 600g for 45 min. The supernatant was recovered and proteins
precipitated by 30% ammonium sulfate. The solution was stored
at 4 °C for 2 h and centrifuged in a Sorvall centrifuge at 10 600g
for 1 h. The supernatant was recovered, dialyzed against 4 L
of 20 mM sodium phosphate pH 7.0 buffer, and concentrated
on Centriplus 10 (Amicon) at 3000g in a Sorval centrifuge. The
concentrated sample was used for IEF electrophoresis.

Identification of lipoxygenase activities on IEF

Native isoelectric focusing (IEF) was performed on a vertical
electrophoresis cell (model Mini-PROTEAN and PROTEAN
II, Bio-Rad) following the general guidelines provided by
manufacturer. Polyacrylamide gels containing 7% of 30% (w/v)
acrylamide-N,N’-methylene bis(acrylamide) (37.5 : 1) solution
(Bio-Rad), 50% (v/v) glycerol, 5% (v/v) ampholyte (pH range
5-8) (Bio-Lyte 5/8 Ampholyte — Bio-Rad), 0.1% (v/v) TEMED
and 0.04% (w/v) ammonium persulfate. Polyacrylamide so-
lution was degassed before the TEMED and ammonium
persulfate addition. Prior to IEF each sample was mixed
with one half volume of an aqueous solution of 60% (v/v)
glycerol and 4% (v/v) of ampholytes. The cathode solution
was 25 mM NaOH and the anode solution 20 mM acetic acid.
These solutions were cooled to 4 °C prior to electrophoresis.
Electrophoresis was performed at room temperature for 1.5 h at
200 V constant voltage, then increased to 400 V constant voltage
for an additional 1.5 h. When the electrophoresis was complete,
the gel was cut and single lanes stained by protein and enzyme
activity. Protein bands were detected by rapid protein staining
as described by Reisner," 0.04% (w/v) Coomassie Brilliant Blue
G-250 and 3.5% (v/v) HCIO,, gels were destained with 5%
(v/v) acetic acid. Staining for enzyme activity was carried out
using the slightly modified procedure reported by Verhue and
Francke.” HTrA (2 mg) and o-dianisidine (4 mg) were combined
in 1.5 mL absolute ethanol and 0.5 mL of dimethylformamide.
The mixture was diluted to 10 mL with 0.1 M sodium phosphate
buffer pH 7.0. A similar mixture was prepared with EPA (1 mg)
and linoleic acid (2 mg) as substrates. Gels were incubated in
the presence of reaction mixtures for several hours (depending
from enzyme activity) at 25 °C. After staining was completed,
the gels were rinsed several times with distilled H,O and digitally
acquired by a HP Scanlet 4C scanner. In-gel determination of
pH gradient was carried out cutting a gel lane every 5 mm,
re-suspending these fragments in 1 mL of H,O milliQ, and
measuring the pH value of resulting solutions by a standard
pH meter.
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Controlled intramolecular movement and coupling of motor and rotor functions is exerted by this new molecular
device. The rate of rotation of the rotor part of the molecule can be adjusted by alteration of the conformation of the
motor part of the molecule. For all states of the motor part, different rates of rotation were measured for the rotor
part. Conversion between the four propeller orientations was achieved by irradiation and heating.

Introduction

The construction of artificial molecular machines is one of the
major contemporary challenges in nanoscience.! The function-
ing of these machines will critically depend on the ability to
power and control rotary movement like in the macroscopic
motors used in daily life and the rotary motors present in
biological machines, most elegantly seen in ATP synthase.”
The synthesis of molecular motors and the demonstration
of unidirectional rotary motion driven by light or chemical
conversions has laid the foundation for future nanomotors.?
The studies on geared propeller structures* and a variety of
elegant molecular rotors® paved the way to systems in which
several rotary units are coupled. In this manuscript we describe
a molecular device in which controlled movement in a molecular
motor is used to control the rotary motion of a second rotor
function in the system.

Results and discussion

Our design is based on the second-generation light-driven
unidirectional molecular motors 1 (Fig. 1).¢

Motor

2 * Stator

; § Light-induced Unidirectional Rotation

QD Thermal Bidirectional Rotation

Fig. 1 The molecular motor-rotor system based on a sterically
overcrowded alkene.

This journal is © The Royal Society of Chemistry 2005

To the lower (stator) part of the molecular motor in 2,
a rotor is attached and the controlled rotary movement of
the upper propeller part is envisioned to govern the rotation
of the rotor unit. As a target, compound 3 was designed. We
designate this system as a molecular gearbox since the position
of the upper propeller part of the motor during the 360° rotation
is expected to allow control over the speed of rotation of the o-
xylyl cogwheel (rotor) present in the lower half.

The key-step in the synthesis of 3 was performed using
the Barton—Kellogg coupling that has been used extensively
for the preparation of overcrowded alkenes (Scheme 1).%7
Starting from hydrazone 4° and thioketone 5,°%¢ episulfide 6
was obtained in excellent yield and subsequent treatment with
triphenylphosphine provided alkene 3 as a mixture of cis—trans
isomers in a ratio of 3.5: 1.3

Ag,0, MgSO,
—_—
KOH, MeCH,
CHCly

addition of 5

L
Uk

trans-3 cis-3

Scheme 1 Synthesis of the molecular gearbox 3.

By slow evaporation of an n-hexane solution containing 3 as
a cis—trans mixture, small colorless crystals of (2'S*)-(P*)-trans-
3% were obtained that proved to be suitable for X-ray analysis
(Fig. 2). From the structure the helical shape of the molecule
is apparent, but more importantly, it can be seen clearly that
the methyl substituent preferentially adopts a (pseudo-)axial
orientation.
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Fig. 2 Pluto drawing of (2'S*)-(P*)-trans-3."° The picture does not
represent the absolute configuration of the molecule.

In the "H NMR spectra of (2'S*)-(P*)-cis-3° and (2'S*)-(P*)-
trans-3 in CDCl,, the absorptions originating from the two
methyl substituents of the o-xylyl moiety appear as separate
singlets for both isomers. Due to the steric crowding in the
molecule, on the NMR timescale only a slow exchange between
the two is possible at ambient temperature. For the o-xylyl methyl
protons of (2'S*)-(P*)-trans-3, two singlets are observed atd 1.97
and 2.22 ppm and for (2'S*)-(P*)-cis-3 these methyl absorptions
are found at higher field and appear as two singlets at J 0.77
and 1.69 ppm. Fortunately, there is no overlap with the six alkyl
protons of the upper half. The doublet of the methyl substituent
attached to the stereogenic center was found at J 0.81 ppm
for (2'S*)-(P*)-trans-3 and at 6 0.67 ppm for (2'S*)-(P*)-cis-
3. The position of these absorptions is important to determine
whether the methyl substituent is in a stable axial or an unstable
equatorial orientation.$

As was known from earlier studies performed with a molec-
ular rotor,> coalescence measurements using 'H NMR are not
suitable to determine the rotation rate of the o-xylyl moiety
due to the high barrier of activation. Since similar barriers
were expected for 3, 2D EXSY spectroscopy was performed to
determine the rate of rotation of the o-xylyl moiety. The o-xylyl
moiety is well suited for an EXSY-experiment since it behaves
as a two-site exchange system.''> The advantages of this two-
state system are that the populations are equal and that the
spin—lattice relaxation time is, within error margins, the same
for both methyl substituents. It is important to record spectra
with different mixing times (7, ) at each temperature in order to
measure the exchange process in the initial rate regime.

EXSY spectra were recorded at 25, 35, 45 and 55 °C with
a mixture containing both stable (2'S*)-(P*)-trans-3 and stable
(2'S*)-(P*)-cis-3 to ensure identical conditions for the different
isomers. At each temperature, different mixing times (typical
values of 1, were 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0 and 1.5 s)
were used and care was taken to use only data obtained in the
initial rate regime."® For (2'S*)-(P*)-trans-3 and (2'S*)-(P*)-cis-
3, the results of these measurements are shown in Figs. 3 and 4.
From the slope of the plot of ¢, versus (a g/ (asa + aag)) the rate
constant k at each temperature was determined (Figs. 3 and 4).

In order to be able to determine the rates of rotation of the
o-xylyl rotor moiety for the unstable isomers of 3, (2'S*)-(M*)-
trans-3 and (2'S*)-(M*)-cis-3, a mixture of the stable isomers of
3 was irradiated for 1 h (4 > 280 nm, 7' = 20 °C) in CDCl,.**
Moreover, both unstable forms of 3 are sufficiently stable to
allow measurements at temperatures up to 55 °C.

That indeed the unstable forms with equatorial methyl
substituents were generated was concluded from the shifts in the
'"H NMR spectrum of the absorptions of the methyl substituents
in the upper half of the molecules, which in the unstable forms
of the second-generation motors are situated at lower field
compared to the stable forms.® For (2'S*)-(P*)-cis-3 compared
to (2'S*)-(M*)-cis-3, a shift from 6 0.66-0.68 ppm to J 1.09—
1.12 ppm was observed, and for (2'S*)-(P*)-trans-3 compared
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Fig. 3 Graph showing the relation between the mixing time (#,) and
the cross-(a,p) and autopeaks (a4, ) for stable trans-3.
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Fig. 4 Graph showing the relation between the mixing time (#,) and
the cross-(a,p) and autopeaks (au, ) for stable cis-3.

to (2'S*)-(M*)-trans-3, a shift from ¢ 0.80-0.82 ppm to J 1.26—
1.28 ppm was observed. The geometry around the double bond
was evident from the absorptions of the methyl substituents of
the o-xylyl part. For the stable isomers, the signals at high field
are assigned to (2'S*)-(P*)-cis-3 and at lower field to (2'S*)-(P*)-
trans-3. For the absorption of the unstable (2'S*)-(M*)-trans-3
and (2'S*)-(M*)-cis-3 isomers, the same order is valid; at d 0.55
and 1.70 ppm the absorptions of the unstable (2'S*)-(M*)-cis-
3 are found and at J 1.92 and 2.26 ppm the absorptions of
the o-xylyl methyl substituents for unstable (2'S*)-(M*)-trans-3
appear. As for the stable forms of 3, the EXSY experiments for
the unstable isomers were performed at 25, 35,45 and 55 °C. For
each temperature, different mixing times were used varying
typically from z,, = 0.05 to 1.5 s. Using the same procedures as
for the stable isomers of 3, the rate constants k were determined
for each temperature.” For each of the four isomers the rate
constants at each temperature are depicted in Fig. 5.
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Fig. 5 The rate constants as a function of temperature of the rotation
around the aryl-aryl single bond for all four isomers.





Table 1 Thermodynamic constants for all four isomers of gearbox 3

A*G® (kJ mol ')

A*H® (kJ mol™) A*S® (J K~ mol™)

Stable (2'S*)-(P*)-cis-3 81+2
Unstable (2'S*)-(M*)-cis-3 80+2
Stable (2'S*)-(P*)-trans-3 81 +2
Unstable (2'S*)-(M*)-trans-3 83+2

“T=293.15K.

74+ 1 —23+4
6612 —47+£5
73+2 —28£5
64 £2 —59+5

From Fig. 5 it becomes clear that all four isomers of 3 have
a different rate of rotation around the single aryl-aryl bond
between the o-xylyl moiety and the stator lower part of the
molecule. The trend in the rate of rotation becomes especially
clear at somewhat higher temperatures (45 and 55 °C) where the
order 1S CiSgpie > ClSunsuaple > FaNSgape > FANS ngane 20INg from
high to low rates. It is interesting to note, and perhaps counter
intuitive, that both the stable and unstable cis-3 isomers show
faster rotation than the stable and unstable trans-3 isomers.'®
Furthermore, it should be noted that both unstable isomers
show slower rotation than the corresponding stable isomers.
This is probably due to the increased steric hindrance enforced
onto the o-xylyl moiety by the upper-part methyl substituent
in the pseudo-equatorial orientation. This is supported by the
thermodynamic data obtained from the Eyring plots (Table 1);
the entropy of activation for the isomers with the methyl
substituents in an equatorial orientation (unstable isomers) is
much larger than for the isomers with the methyl substituents
in an axial orientation (stable isomers). These data suggest that
the change in conformation required for rotation in the unstable
forms is larger than for the stable forms.

Detailed examination of the photochemical and thermal
response of 3 is important, since by using these external stimuli,
control over the mechanical motion can be achieved. For the
investigation of the dynamic behavior of 3, isomerically pure
solutions of (2'S*)-(P*)-cis-3 and (2'S*)-(P*)-trans-3 in benzene-
ds were irradiated (4 > 280 nm, 7 = 20 °C) (Scheme 2). The
characteristic signals in the '"H NMR of stable (2'S*)-(P*)-
trans-3 are a doublet at 0 0.57 ppm of the methyl moiety in
the upper half of the molecule and two singlets originating from
the xylyl moiety at 6 1.80 and 2.19 ppm. The same signals for
stable (2'S*)-(P*)-cis-3 are found at 4 1.04 and 1.56 ppm and
the doublet of the methyl moiety of the upper half is found at
0 0.43 ppm. As was the case in chloroform, the chemical shift

(2'S)-(P)-trans-3
axial methyl, stable

AT /

hv> 280 nm

(2'S)-(M)-cis-3
equatorial methyl, unstable

hv> 280 nm

P
B E—

(2'S)-(M)-trans-3
equatorial methyl, unstable

(2'S)-(P)-cis-3
axial methyl, stable

Scheme 2 The rotational scheme for molecular gearbox 3.

difference of the two singlet signals is smaller for stable (2'S*)-
(P*)-trans-3 than for stable (2'S*)-(P*)-cis-3. Upon irradiation
of stable (2'S*)-(P*)-trans-3, a shift of the absorptions of the
two methyl signals from J 1.80 and 2.19 ppm to ¢ 1.02 and
1.52 ppm was observed. The doublet was shifted to slightly
lower field from ¢ 0.57 ppm to 0.80 ppm. From these data
and similar observations on related second generation molecular
motors,® it was evident that unstable (2'S*)-(M*)-cis-3 had been
formed. The shift to higher field of the two o-xylyl methyl singlets
confirms the formation of a cis-isomer of 3 not identical to stable
(2'S*)-(P*)-cis-3. Closer observation of the spectrum showed
that the conversion to the unstable (2'S*)-(M*)-cis-3 was not
complete and a small amount of the stable (2'S*)-(P*)-trans-3
was still present in the mixture. Moreover, small signals at ¢
1.00 and 1.65 ppm indicate that another isomer, unstable (2'.S*)-
(M*)-trans-3, had been formed (vide infra). Irradiation of stable
(2'S*)-(P*)-cis-3 (4 > 280 nm, T = 20 °C) resulted initially
in a shift of the methyl signals at 4 1.04 and 1.56 ppm to J
1.65 and 2.19 ppm. The doublet signal shifted from ¢ 0.43 ppm
to 1.00 ppm. From these two observations it was concluded
that the newly formed isomer was the unstable (2'S*)-(M*)-
trans-3 isomer (Scheme 2). Longer irradiation of the sample,
however, led to a slow conversion of the unstable (2'S*)-(M*)-
trans-3 to the unstable (2'S*)-(M*)-cis-3 isomer. Eventually,
upon longer irradiation the same isomeric mixture was obtained
from the irradiation of stable (2'S*)-(P*)-trans-3 or stable (2'S*)-
(P*)-cis-3. Although in either mixture some stable (2'.S*)-(P*)-
trans-3 could be observed, the amount of stable (2'S*)-(P*)-
cis-3 was too small to be detected by 'H NMR. This is due
to the unfavorable photoequilibrium for formation of stable
(2'S*)-(P*)-cis-3. The ratio between the four isomers (shown
in Scheme 2) was in the photostationary state (PSS): unstable
(2/'S*)-(M*)-cis-3 : unstable (2'S*)-(M*)-trans-3 : (2'S*)-(P*)-
stable cis-3 : (2'S*)-(P*)-stable trans-3 = 90 : 6 : 0 : 4, as
determined by '"H NMR spectroscopy. This behavior contrasts
with the original second generation molecular motor, where no
direct photochemical conversion from unstable frans to unstable
cis was observed. Prolonged heating of the PSS mixture leads to
a conversion of the unstable isomers to the stable isomers and
hence in this case to a mixture of stable (2'S*)-(P*)-cis-3 and
stable (2'S*)-(P*)-trans-3 in a ratio of 90 : 10."7

The photochemical behavior of enantiomerically pure 3 was
also examined by UV-Vis and CD spectroscopy in n-hexane.
The UV-Vis and CD spectra of both stable (2'S)-(P)-cis-3
and stable (2'S)-(P)-trans-3 in n-hexane solution are depicted
in Fig. 6. After the irradiation (4 > 280 nm, 7 = 0 °C) of
stable (2'S)-(P)-cis-3 or stable (2'S)-(P)-trans-3, identical UV—-
Vis and CD spectra were recorded. Although in the UV-Vis
almost no changes were observed, the CD spectra were nearly
inverted. This indicates that upon irradiation, a helix inversion
occurs going from an overall (P)-helix before irradiation to an
overall (M)-helix after irradiation. The fact that after irradiation
of either isomer of 3 the same UV-Vis and CD spectra were
obtained, indicates that the PSS has the same composition,
which is in agreement with the observation by 'H NMR
spectroscopy (vide supra).

The barrier for the thermal isomerization going from
the unstable (pseudo-)equatorial isomers of 3 to the stable
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Fig. 6 UV-Vis (a) and CD spectra (b) of the stable (2'S)-(P)-trans-3
(solid), stable (2'S)-(P)-cis-3 (dotted) and the photostationary state
mixture (thick solid).

(pseudo-)axial isomers of 3 is relatively high, but the isomer-
izations are quantitative and stereoselective.’®

As the thermal isomerization steps (i.e. (2'S)-(M)-cis-3 to
(2'S)-(P)-cis-3 and (2'S)-(M)-trans-3 to (2'S)-(P)-trans-3) are
unidirectional, the system functioning as a unidirectional rotary
motor is not compromised. In the case of 3, the 360° rotation
cycle in four stages is more complicated by unexpected pho-
tochemical behavior. As was demonstrated experimentally by
'"H NMR spectroscopy in benzene-d, and confirmed by CD
spectroscopy, a third photochemical isomerization occurs in
which the unstable (2'S)-(M)-trans-3 is converted to the unstable
(2'S)-(M)-cis-3. The photoequilibrium of this process is nearly
completely on the side of the unstable (2'S)-(M)-cis-3. Upon
irradiation of a sample of either stable (2'S)-(P)-cis-3 or stable
(2'S)-(P)-trans-3, a fast photochemical equilibration occurs,
resulting in a mixture of unstable (2'S)-(M)-cis-3 : unstable (2'S)-
(M)-trans-3 : (2'S)-(P)-stable cis-3 : (2'S)-(P)-stable trans-3 in a
ratio of 90 : 6 : 0 : 4. Normally, photoisomerization of a stable
motor molecule would lead to a clean cis—trans isomerization
and a change in the orientation of the methyl substituent
from (pseudo-)axial to (pseudo-)equatorial. This unexpected
photochemical isomerization ((2'S)-(M)-trans-3 to (2'S)-(M)-
cis-3) is an additional pathway in this system. However, all four
stages can be reached by a combination of photochemical and
thermal stimuli.

In conclusion, we have demonstrated that the rate of rotation
of the o-xylyl rotor of the molecular gearbox 3 could effectively
be manipulated using light and heat as external triggers to
control the isomerization behavior of the central double bond. It
was shown by EXSY NMR techniques that for all four different
states of the motor, the cogwheel had a different rate of rotation
(stable cis-3 > unstable cis-3 > stable trans-3 > unstable trans-3).
Although the addressability of the stages of the motor is delicate
and more complicated as in the second generation motors, the
molecular gearbox serves as a proof of principle and shows that
external control over coupled molecular rotary movement can
be obtained.
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Experimental
General remarks

The high-resolution one- and two-dimensional "H NMR spectra
were obtained using a Varian VXR-300 and a Varian Unity Plus
Varian-500 operating at 299.97 and 499.86 MHz, respectively,
for the 'H nucleus. *C NMR spectra were recorded on a Varian
VXR-300 operating at 75.43 MHz. Chemical shifts are reported
in J units (ppm) relative to the residual deuterated solvent
signals of CHCl; (‘H NMR: ¢ 7.26 ppm; “C NMR: ¢ 77.0
ppm), benzene ("H NMR: d 7.15 ppm; *C NMR: § 128.0 ppm)
and toluene ("H NMR: J 2.08 ppm). The splitting patterns
are designated as follows: s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet) and br (broad). One-dimensional 'H
NMR spectra were recorded using the acquisition parameters:
n/2 pulse width, 6.5 ps; spectral width, 6.000 Hz; data size,
16 K; recycling delay, 1 s; number of transients, 32; temperature
298 K. All 2D spectra were collected as 2D hyper-complex data.
After weighting with shifted sine-bell functions, the data were
Fourier transformed in the absolute value mode using standard
Varian VnmrS/VnmrX software packages. Two-dimensional
phase-sensitive 'H—'H nuclear Overhauser enhancement spectra
(NOESYPH) for NMR exchange experiments were obtained at
500 MHz with the acquisition parameters: n/2 pulse width,
6.5 us; spectral width, 6.000 Hz; recycling delay, 1.0 s. The data
were 512 w in the F1 dimension and 1 K in the F2 dimension
and were zero-filled in F1 prior to two-dimensional Fourier
transformation to yield a 1 K x 1 K data matrix. The spectra
were processed using shifted sine-bell window functions in both
dimensions. The measurements were conducted at 25, 35, 45
and 55 °C consisting of an arrayed cluster of mixing times (#,, =
0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0 and 1.5 s) per temperature.'*?
The initial rate approximation was used for calculation of rate
constants for the case of slow exchange between two equally
populated sites and in the absence of scalar (J-modulated)
spin—spin coupling. Peak integrals were determined by means
of integration of the cross-(a,s and ag,) and auto-signals (axa
and agg). UV-Vis measurements were performed on a Hewlett-
Packard HP 8453 FT spectrophotometer and CD spectra were
recorded on a JASCO J-715 spectropolarimeter using Uvasol
grade solvents (Merck). MS (EI) and HRMS (EI) spectra
were obtained with a Jeol JMS-600 spectrometer. Column
chromatography was performed on silica gel (Aldrich 60, 230—
400 mesh). HPLC analyses were performed on a Shimadzu
HPLC system equipped with two LC-10ADvwp solvent delivery
systems, a DGU-14A degasser, a SIL-10ADvp autosampler, a
SPD-M10A UV-Vis photodiode array detector, a CTO-10Avp
column oven and a SCL-10Avp controller unit using silica
and Chiralcel OD (Daicel) columns. Preparative HPLC was
performed on a Gilson HPLC system consisting of a 231XL
sampling injector, a 306 (10SC) pump, an 811C dynamic mixer,
an 805 manometric module, with a 119 UV-Vis detector and
a 202 fraction collector, using silica and Chiralcel OD (Daicel)
columns. Elution speed was 1 ml min~'. Irradiation experiments
were performed with a 180 W Oriel Hg-lamp using a pyrex filter
or filters of the appropriate wavelengths. Photostationary states
were ensured by monitoring composition changes in time by
taking UV-Vis spectra at distinct intervals until no changes
were observed. Thermal helix inversions were monitored by
CD spectroscopy using the apparatus described above and a
JASCO PFD-350S/350L Peltier type FDCD attachment with a
temperature control.

trans- and cis2{2",6”-Dimethylphenyl}9-2’,3-dihydro-2methy}
1H’-naphtho|2,1-b]thiopyran-1'-ylidene)-9 H-thioxanthene  (3).
The alkene 3 was synthesized by refluxing episulfide 6 (80 mg,
0.15 mmol) in the presence of triphenylphosphine (48 mg, 0.18
mmol) in p-xylene overnight. Purification was performed by
column chromatography (SiO,, hexane: CH,Cl, =4 : 1, R, =
0.60) to give the desired product as a colorless oil (67 mg,





0.13 mmol, 89%) as a mixture of cis and trans-isomers in a ratio
of 3.5to 1; m/z (EL,%) = 512 (M*, 100), 314 (38); HRMS (EI):
calcd. for Cy;sHyS,: 512.1613, found 512.1632. Separation of
the cis-3 and trans-3 isomers was performed using preparative
HPLC using a silica column as the stationary phase and heptane
as the eluent. The first eluted fraction (z = 9.7 min) contained
cis-3 and the second eluted fraction (¢ = 11.6 min) contained
trans-3 as was determined by '"H NMR.

(2'S*)-(P*)-trans-2-(2” ,6”-Dimethylphenyl)-9-(2',3'-dihydro-2'-
methyl-1H’-naphtho[2,1-b]thiopyran-1"-ylidene)-9 H-thioxanthene
(3). 'H (300 MHz, CDCl;) 6 = 0.80-0.82 (d, J = 6.6 Hz, 3H),
1.97 (s, 3H), 2.22 (s, 3H), 2.94-2.99 (dd, J = 11.4, 3.5 Hz, 1H),
3.53-3.59 (dd, J = 11.4, 7.7 Hz, 1H), 4.15-4.21 (ddq, J = 7.7,
3.5, 6.6 Hz, 1H), 6.40-6.45 (m, 2H), 6.73-6.79 (dt, J = 7.3,
1.8 Hz, 1H), 6.98-7.04 (m, 1H), 7.07-7.24 (m, 5H), 7.31-7.40
(m, 3H), 7.54-7.61 (m, 2H), 7.58-7.60 (d, J = 8.4 Hz, 1H),
7.66-7.69 (d, J = 8.1 Hz, 1H); 'H (300 MHz, benzene-dy) 6 =
0.56-0.58 (d, J = 6.6 Hz, 3H), 1.80 (s, 3H), 2.19 (s, 3H),
2.44-2.48 (dd, J = 11.2, 2.9 Hz, 1H), 3.02-3.08 (dd, J = 11.2,
7.5 Hz, 1H), 4.09-4.15 (m, 1H), 6.14-6.19 (m, 1H), 6.38-6.43
(m, 1H), 6.64-6.66 (d, J = 8.1 Hz, 1H), 6.77-6.80 (d, J =
8.1 Hz, 1H), 6.88-7.50 (m, 11H), 7.96-7.99 (d, J = 8.4 Hz, |H);
BC (75 MHz, CDCl;) 6 = 19.2 (q), 20.9 (q), 21.0 (q), 32.7 (d),
37.2 (1), 124.35 (d), 124.42 (d), 125.3 (d), 125.6 (d), 125.8 (d),
126.1 (d), 126.4 (d), 127.31 (d), 127.37 (d), 127.49 (d), 127.52
(d), 127.6 (d), 128.1 (d), 129.0 (d), 130.8 (s), 131.4 (s), 131.5 (s),
132.5(s), 134.3 (s), 135.3 (s), 135.9 (s), 136.1 (s), 136.3 (s), 136.7
(s), 138.3 (s), 139.1 (s), 141.0 (s), one singlet and two doublets
were not observed in the aromatic region due to overlap;
UV-Vis: (n-hexane) 4 (&) 222 (50 300), 262 (29 800), 324 (7500).
The enantiomers of (2'S*)-(P*)-trans-3 were separated by chiral
preparative HPLC using a Daicel Chiralcel OD column as
the stationary phase and a mixture of heptane : i-propanol
in a ratio of 99.5 : 0.5 as the eluent. The first eluted fraction
(t = 7.2 min) contained (2'S)-(P)-trans-3 and the second
eluted fraction (¢ = 8.4 min) contained (2'R)-(M)-trans-3; CD:
(2'S)-(P)-trans-3 (n-hexane) 4 Ag) 224.2 (+69.1), 243.8 (—10.3),
250.2 (+14.3),270.8 (—128.4), 316.0 (+16.6).

(2'S*)-(P*)-cis-2-(2",6”-Dimethylphenyl)-9-(2',3'-dihydro-2'-
methyl-1H’-naphtho[2,1-b]thiopyran-1"-ylidene)-9 H-thioxanthene
(3). 'H (300 MHz, CDCl;) ¢ = 0.66-0.68 (d, J = 7.0 Hz, 3H),
0.77 (s, 3H), 1.69 (s, 3H), 3.05-3.10 (dd, J = 11.4, 2.6 Hz, 1H),
3.65-3.71 (dd, J = 11.4, 7.3 Hz, 1H), 4.06-4.12 (ddq, J = 7.3,
2.6, 7.0 Hz, 1H), 6.39-6.40 (d, J = 1.8 Hz, 1H), 6.53-6.56 (dd,
J =28.1, 1.8 Hz, 1H), 6.80-6.83 (d, J = 7.3 Hz, 1H), 6.87-6.89
(d,J =7.0Hz, 1H), 6.96-7.01 (t, J = 7.5 Hz, IH), 7.11-7.19 (m,
2H), 7.28-7.40 (m, 4H), 7.54-7.62 (m, 3H), 7.66-7.69 (dd, J =
7.5, 1.3 Hz, 1H), 7.76-7.79 (d, J = 8.8 Hz, 1H); 'H (300 MHz,
benzene-dg) 0 = 0.42-0.44 (d, J = 6.6 Hz, 3H), 1.04 (s, 3H),
1.56 (s, 3H), 2.53-2.59 (dd, J = 11.4, 2.6 Hz, 1H), 3.19-3.25
(dd, J = 11.4, 7.7 Hz, 1H), 3.89-3.94 (m, 1H), 6.36-6.39 (d,
J = 8.1 Hz, 1H), 6.73-7.41 (m, 13H), 7.48-7.50 (d, J = 7.7 Hz,
1H), 8.14-8.16 (d, J = 8.1 Hz, 1H); *C (75 MHz, CDCl;) 6 =
19.0 (9), 19.9 (q), 20.7 (q), 32.1 (d), 37.0 (1), 124.5 (d), 125.9 (d),
126.1 (d), 126.65 (d), 126.7 (d), 126.9 (d), 127.2 (d), 127.6 (d),
127.8 (d), 127.9 (d), 128.9 (d), 130.5 (s), 131.1 (s), 132.0 (s), 132.8
(s), 134.8 (s), 135.9 (s), 136.2 (s), 136.3 (s), 136.5 (s), 139.0 (s),
139.1 (s), 140.6 (s), due to overlap in the aromatic region, five
(d) and two (s) signals were not observed; UV-Vis: (n-hexane)
A (¢) 221 (50900), 248 (30400), 321 (7200). The enantiomers of
(2'S*)-(P*)-cis-3 were separated by preparative chiral HPLC
using a Daicel Chiralcel OD column as the stationary phase
and a mixture of heptane : i-propanol in a ratio of 99.5 : 0.5
as the eluent. The first eluted fraction (¢ = 7.2 min) contained
(2'S)-(P)-cis-3 and the second eluted fraction (r = 8.4 min)
contained (2'R)-(M)-cis-3; CD: (2'S)-(P)-cis-3 (n-hexane): A
(A&) 225.2 (+115.2),243.0 (—6.3), 253.0 (+25.8), 276.0 (—119.7),
314.6 (+10.5), 344.0 (+11.9).

(2'S*)-(M*)-trans-2-(2" ,6”-Dimethylphenyl)-9-(2',3'-dihydro-
2'-methyl-1H’-naphtho[2,1-b]thiopyran-1’-ylidene)-9 H -thioxan-
thene (3). 'H (300 MHz, benzene-ds) 6 = 0.98-1.01 (d, J =
7.3 Hz, 3H), 1.65 (s, 3H), 2.19 (s, 3H); 'H (500 MHz, CDCl;)
0=126-1.28(d, J = 6.6 Hz, 3H), 1.92 (s, 3H), 2.26 (s, 3H); the
remaining signals could not be assigned with certainty due to
the presence of other isomers of 3.

(2’ S*)-(M*)-cis-2-(2" ,6”-Dimethylphenyl)-9-(2',3'-dihydro-2'-
methyl-1H’-naphtho|2,1-b]thiopyran-1"-ylidene)-9 H-thioxanthene
(3). 'H (300 MHz, benzene-ds) 6 = 0.78-0.81 (d, J = 7.3 Hz,
3H), 1.02 (s, 3H), 1.52 (s, 3H), 2.11-2.20 (m, 1H), 2.80-2.92
(m, 2H), 6.34-6.37 (d, J = 8.1 Hz, 1H), 6.72-7.47 (m, 14H),
7.99-8.02 (d, J = 8.4 Hz, 1H); "H (500 MHz, CDCl;) 6 = 0.55 (s,
3H), 1.09-1.12 (d, J = 6.6 Hz, 3H), 1.70 (s, 3H); the remaining
signals could not be assigned with certainty due to the presence
of other isomers of 3; UV-Vis characteristics of the PSS
(n-hexane): 4 (¢) 218 (53000), 264 (30 300); CD: characteristics
for the PSS generated from (2'S)-(P)-3 (n-hexane): 1 (Ae¢)
226.4 (—64.8), 243.8 (+23.3), 254.6 (—26.2), 277 (+80.9), 350.2
(—14.4).

Dispiro|2,3-dihydro-2’-methyl-1H -naphtho|2,1-b]-thiopyran-
1,2’-thiirane-3',9"-[2"-(2,6-dimethylphenyl)-9” H -thioxanthene]]
(6). To a solution of hydrazone 4 (61.2 mg, 0.25 mmol) in
CH,Cl, (10 ml) under nitrogen were subsequently added MgSO,
(300 mg), Ag,O (150 mg) and a saturated solution of KOH in
methanol (5 drops) at 0 °C. Stirring this mixture for 30 min
at 0 °C gave a dark red solution. If only a slightly red color
was observed, more Ag,O and KOH in methanol were added.
The solution was then filtered into another ice-cooled flask
after which a solution of appropriate thioketone 5 (54.7 mg,
0.160 mmol) in CH,Cl, was added. Most of the time, the
evolution of nitrogen gas could be observed. Stirring was
continued for 2 h at 0 °C and then for 4 h at room temperature.
Evaporation of the CH,Cl, then gave a residue which was
used for further purification. The episulfide 6 was obtained
as a colorless solid (80.0 mg, 0.147 mmol, 92%) after column
chromatography (SiO,, hexanes : CH,Cl, = 1 : 1, R, = 0.81)
as a mixture of a cis- and trans-isomers in a ratio of 3.5 : 1;
"H (300 MHz, CDCl;) 6 = 0.98 (s, 3H, cis), 1.03-1.05 (d, J =
6.6 Hz, 3H, cis), 1.16-1.19 (d, J = 7.2 Hz, 3H, trans), 1.71 (s,
3H, cis), 2.02 (s, 3H, trans), 2.10 (s, 3H, trans), 2.17-2.73 (m,
3H cis, 3H, trans), 6.23-6.29 (dt, J = 7.1, 1.1 Hz, 1H, trans),
6.58-6.62 (dd, J = 7.9, 1.7 Hz, 1H, cis), 6.73-6.78 (dt, J =
7.3, 1.1 Hz, 1H, trans), 6.81-7.60 (m, 13H, cis, 12H, trans),
7.82-7.83 (d, J = 1.8 Hz, 1H, trans), 8.04-8.08 (dd, J = 5.9,
3.7 Hz, 1H, cis), 8.84-8.87 (d, J = 8.8 Hz, 1H, trans), 8.92-8.95
(d, J = 8.8 Hz, 1H, cis); m/z (EL,%) = 544 (M*, 66), 512 (100),
501 (40), 496 (18), 370 (21), 314 (39), 301 (45); HRMS (EI):
caled. for C;5H,5S;5: 544.1353, found 544.1340.
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The exchange of the PPh; ligand in the complex [1,3-bis(2,6-dimethylphenyl)4,5-dihydroimidazol-2-ylidene](PPh;)-
(Cl),Ru=CHPh (7) for a pyridine ligand at ambient temperature leads to the formation of the stable phosphine-free
carbene ruthenium complex [1,3-bis(2,6-dimethylphenyl)4,5-dihydroimidazol-2-ylidene](CsH;N),(Cl), Ru=CHPh
(8). The resulted ruthenium complex exhibits highly catalytic activity for the cross metathesis of acrylonitrile with
various functionalized olefins under mild conditions, and its activity can be further improved by the addition of a
Lewis acid such as Ti(O'Pr),. In the mixture products, the Z-isomer predominates.

Introduction

Recently, olefin metathesis has attracted much attention as
a powerful tool for C-C bond formation.! The commercial
availability of well-defined transition metal catalysts (Fig. 1),
such as the molybdenum alkoxyimidoalkylidene 1,2 ruthenium
benzylidene catalysts 2 and 3,® and ether-tethered ruthenium
alkylidene derivative catalyst 4, has made olefin metathesis
practical for application to synthetic organic chemistry.

Y \
PCys Mes—N_N—Mes  Mes—N__N—Mes
C'//,,. c|///,T T’Cl

N :
(CF3)ZMeCO% I /QU‘——\ /Ru=\ o Ru=
Mo WP" o | Ph o | Ph (I)
PCy PC;
(CF3),MeCO ¢ v v
1 2 3 4

Fig. 1 Olefin metathesis catalysts, Mes = 2,4,6-trimethylphenyl.

On the other hand, cross-metathesis (CM), a method for
the intermolecular formation of carbon—carbon double bonds,
has been underutilized in comparison with other metathesis
reactions. This is primarily due to the lack of reaction selec-
tivity and olefin stereoselectivity.” The discovery of the highly
active and stable ruthenium-based “second generation” Grubbs’
catalyst 3, (H,IMes)(PCy;)(Cl),Ru=CHPh (where H,Imes =
1,3-dimesityl-4,5-dihydroimidazol-2-ylidene), has dramatically
advanced the utility of CM.¢ However, the original synthetic
route of complex 3 was not practical for large scale operation,
because it heavily relied on column chromatography purification
steps and the use of expensive PCy;.”

Although several examples of selective Mo- and Ru-
catalyzed acrylonitrile CM have appeared in the literature,?
these complexes are very air- and moisture-sensitive and
show a restricted tolerance of several heteroatom function-
alities. The presence of acids, reactive carbonyl groups and
alcohols significantly leads to the catalyst inactive.’ Most
of phosphine-ligated ruthenium catalysts have given poor
results for this transformation.'® More recently, (H,IMes)(3-
bromopyridine),(Cl),Ru=CHPh was found to be more effective
than 3." This result stimulated us to develop a economical
and convenient method for preparing the similar phosphine-
free carbene complex on a large scale. In this paper, we report an
inexpensive and highly efficient ruthenium complex 8 to perform
acrylonitrile CM with various functionalized olefins.

This journal is © The Royal Society of Chemistry 2005

Results and discussion
Synthesis of complex 8

In contrast to complex 3 and 4, the synthesis of the ruthenium
complex 8 was relatively simple and easily for scale operation,
because it was not heavily reliant on column chromatography
purification steps and the use of expensive PCy;. The ruthenium
complex 7 was prepared by treatment of complex 6 and 5
with potassium fert-butoxide in toluene. Complex 7 can be
purified by several washes with hexane and isolated as brown
microcrystalline solids in good yields of 77% (Fig. 1). A
bispyridine ruthenium complexes 8 can be prepared by adding
an excess pyridine to 7 (Fig. 2). These reactions are complete
within minutes, in the absence of any solvent. The product 8 is
isolated in 91% yield by precipitation with hexane and without
further purification. The resulted complex 8 exhibits good air-
and moisture stability.

\ m
G GNP
— _ RUClp(=CHPh)(PPhs); T 10 equiv pyridine T cl
DT — s Sl T o o
KOBU Ru= -PPh. N\ U=
H AN : 4 Lo
PPh3 U

5 7 8

Fig. 2 Synthesis of bispyridine complex 8.

Cross-metathesis reaction

We initially investigated the use of the complexes 8, 2, 3, 4
and 7 for the self-CM reaction of acrylonitrile (Table 1). With
the exception of the complex 8, other complexes showed no
or low activity for this reaction. With catalyst 8, we observed
a maximum 39% conversion of acrylonitrile to 1,4-dicyano-
2-butene product with 2 mol% catalyst loading. Though the
yield is not high, it has already been the best result at present.
Furthermore, the reaction was performed in different solvents
(replacing dichloromethane with toluene) at higher temperature
with a higher catalyst loading of (10 mol% vs. 2 mol%), but
the yield did not improve. We suspect that the moderately
strong coordination of cyano group with the ruthenium center
resulted in deactivating the catalyst during self-CM reaction of
acrylonitrile. In order to testify this idea, we also explored the
use of the carbene ruthenium complex 8 for the metathesis of
1-hexene in various polar solvents with coordination ability. The
results are summarized in Table 2. Obviously, the stronger the
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Table 1 Ru-catalyzed CM of acrylonitrile

Ru-cat
e ——— N

Catalyst Solvent  Temperature/°C  Time/h Yield of 9* (%)
2 (2mol%) CH,Cl, 45 12 0

2 (10 mol%) CH,Cl, 45 24 0

3(2mol%) CH,ClL, 45 12 2

3 (10 mol%) CH,Cl, 45 24 12

4(2mol%) CH,ClL, 45 24 21

7 (10 mol%) CH,Cl, 45 24 15

8(2mol%) CH,Cl, 45 24 39

8 (10 mol%) Toluene 110 12 38

“Isolated yield.

Table 2 Influence of solvent on 1-hexene metathesis reaction®

Entry Solvent TOF Conversion (%) of 1-hexene”
1 Neat 142.8 85.7
2 1-Butanol 73.5 44.1
3 THF 113.8 68.3
4 Acetone 57 34.2
5 Acetic acid 31.3 18.8
6 Ethyl acetate 47.3 28.4
7 Acetonitrile 1.3 7.8

“ Reaction conditions: 8 (0.05 mmol), 1-hexene (50 mmol), solvent (50
mmol), 60 °C, 2 h. ? Yields are based on GC.

coordination ability of the solvent is, the lower the yield is. For
example, substitution of acetic acid for THF as solvent, results
in the conversion of 1-hexene from 68.3% decreasing into 18.8%.

In situ NMR spectra further showed existence of a cyano-
substituted alkylidene during metathesis of acrylonitrile using
the carbene ruthenium complexes 8. The cyanocarbene moiety
is distinguished by a "H NMR resonance at J 18.31 for the
carbene proton, a *C NMR resonance at ¢ 237 for the carbene
resonance, a *C NMR resonance at ¢ 115 for the cyano group.
The species has a slower initiation rate than 2, which suggests
that a cyanocarbene intermediate, if trapped by phosphine, only
reenters the catalytic cycle with difficulty.®

In order to prevent the coordination of the cyano group
towards the ruthenium carbene intermediate, some Lewis acids
as co-catalyst were introduced to the reaction system. We
intended to form a complex of Lewis acids with the cyanogroup
and thus the metathesis reaction of acrylonitrile should be
improved. The metathesis of acrylonitrile in the presence of
Lewis acids was performed and the results are shown in Table 3.
Lewis acids have a dramatic influence on the yield of the cross-
metathesis reaction. Strong Lewis acids such as AICl; and
AIEt,Cl would decompose the catalyst in a short time, whereas
the addition of Al(Oi-Pr); did not affect the CM of acrylonitrile
(Table 3, entry 3). The systematic studies indicated that Ti(Oi-
Pr), was the best promoter for this reaction. When the reaction
was carried out in the presence of 1 equiv. of Ti(Oi-Pr),, the

Table 3 Metatheses of acrylonitrile in the presence of Lewis acids*

expected product 9 was obtained in 60% yield (Table 3, entry 5).
Decreasing the amount of Ti(Oi-Pr), only had little effect on this
reaction. However, prolonged the reaction time and elevated the
reaction temperature were beneficial for improving the yield.

Furthermore, we were delighted to find that the complex 8
could be used in CM of acrylonitrile with different functional-
ized olefins, such as o,B-unsaturated esters, acids and aldehydes.
The results are summarized in Table 4. The cross metathesis can
be performed in good yields and the Z-isomer predominates
in the mixture products. Among these substances, but-3-en-1-
ol is more reactive for CM with acrylonitrile in the presence
of Ti(Oi-Pr),, and a yield of 92% was achieved (Table 4, entry
4). On the contrary, conjugate allyl alcohol (Table 4, entry 2)
or allylic substituted alcohol (Table 4, entry 6) were proved
to be less efficient. This is due primarily to the electronic and
steric characteristic of the allyl alcohol. Further investigation
showed that the olefins with various functional groups, such
as hydroxide, carbonyl, ester and carboxyl resulted in different
results. Generally, the CM of acrylonitrile with functional
olefins including aldehyde or alcohol group is faster than that
including ester or carboxylic acid group. We suspect that the
ruthenium complex 8 can be decomposed in the presence of
proton hydrogen of carboxylic acid.

Conclusions

In conclusion, we have demonstrated that the phosphine-free
carbene ruthenium complex 8 can efficiently catalyze the cross
metathesis of acrylonitrile with various functionalized olefins.
The cross metathesis can be performed in good yields and the Z-
isomer predominates in the mixture products. The coordination
solvents have great negative effect on the reaction. The existence
of a Lewis acid such as Ti(Oi-Pr), can effectively improve the
reaction rate as well as the yield. The CM of acrylonitrile with
functional olefins including aldehyde or alcohol group is faster
than that including ester or carboxylic acid group.

Experimental

All manipulations were carried out under an inert atmosphere of
nitrogen on a vacuum line using standard Schlenk techniques.
All chlorinated solvents were dried from CaH, and all non-
halogenated solvents were distilled from sodium or potassium
benzophenone ketyl. NMR spectra were recorded on a VAR-
IAN INOVA 400 MHz NMR spectrometer using CDCl; as the
solvent. Mass spectral determinations were made on a Q-TOF
mass spectrometry (Micromass, England). Analytical thin-layer
chromatography (TLC) was performed using silica gel 60 F254
precoated plates (0.25 mm thickness).

[1,3-Bis(2,6-dimethylphenyl)-4,5-dihydroimidazol-2-
ylidene](PPh;)(Cl),Ru=CHPh (7)

A solution of KO'Bu (117 mg, 1.04 mmol) in dry THF (20 ml)
was slowly added to a solution of 1,3-bis-(2,6-dimethylphenyl)-
4,5-dihydroimidazolinium chloride™ (437 mg, 1.02 mmol) in
THF (20 ml) at ambient temperature under N,. The suspension
was stirred at room temperature for 2 h to give a yellow solution.

Entry Lewis acid Temperature/°C Time/h Yield of 9°(%)
1 AIEt,CI (1 equiv.) 45 1 0
2 AICI; (1 equiv.) 45 1 0
3 Al(Oi-Pr); (1 equiv.) 45 12 41
5 Ti(Oi-Pr), (1 equiv.) 25 2 60
6 Ti(Oi-Pr), (50 mol%) 45 2 61
7 Ti(Oi-Pr), (20 mol%) 45 12 68

@ Reaction conditions: 8 (0.04 mmol), acrylonitrile (2 mmol), CH,Cl, (20 ml), 60 °C, 2 h. ® Isolated yield.
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Table4 The CM of acrylonitrile with functionalized olefins*

Entry Cross partner Lewis acid Product Yield (%)° Z : E ratio®
1 None M 56 3:1
\/\OH NC \ oH
10
2 Ti(Oi-Pr), M 80 3:1
\/\OH NG \ on
3 /\/\ None NC 61 4:1
/ OH W oH
11
4 /\/\ Ti(Oi-Pr), NC / 92 4:1
/ OH z.’)"’L/s/\/\on
5 / OH None NC / OH 52 2:1
/Y IZW
° /\( OH Ti(Oi-Pr), NC t‘q/YOH 73 2:1
7 /\ None NC / 61 4:1
/ cHO 13 /‘n'"-'/\cw
8 /\ Ti(Oi-Pr), NC / 84 4:1
/ oo -’LLL/\CHO
9 /\ None NC / 35 3:1
/ CoH 14‘,‘.""«/\(302»4
10 /\ Ti(Oi-Pr), NC / 70 3:1
/ CO,H Jbbl’/\COzH
11 /\ None NC / 44 4:1
/ CO,Me 15 LLL/\COzMe
12 /\ Ti(Oi-Pr), NC / 75 4:1
/ CO,Me Ll/l’*/\cozvvle
13 None 36 1:1
/ " /
/\cone l()LLL/\COQMe
14 Ti(Oi-Pr), 61 1:1
/ " /
/ \cone l’l’l'\/\cone

“Reaction conditions: 8 (0.04 mmol), 1 equiv. cross partner, acrylonitrile (2.10 mmol), Ti(Oi-Pr), (20 mol%), CH,Cl, (20 ml), 45 °C, 12 h. ® Isolated

yield. ¢ The (Z/E)-ratio was determined by '"H NMR.

The solution was then added (by way of a stainless steel cannula
fitted with a filter) to (PPh;),Cl,Ru=CHPh 6" (0.200 g, 0.243
mmol) suspended in toluene (40 ml). The reaction mixture
was stirred for 30 min at 70 °C, resulting in a clear dark
brown solution. The solvent was completely removed under
vacuum. The residue was dissolved into 10 mL of hexane and

filtered, and the resulting solution was cooled to —50 °C. After
1 h, the solution was filtered to obtain the product as brown
microcrystals, which were washed with cold hexane and dried
under vacuum to give complex 7 as a light brown powder. Yield:
211 mg, 77%. '"H NMR (400 MHz, CDCL;): 6 = 19.25 (s, 1 H,
Ru-CH), 7.69-6.56 (multiple peaks, 24H, PPh;, para CH, meta
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CH, and 2,6-dimethylphenyl aromatic CH), 7.67 (d, 2H, ortho
CH, J = 7.2 Hz), 4.12 (t, 2H, CH,CH,, J = 7.2 Hz), 3.95 (t,
2H, CH,CH,, J = 7.2 Hz), 2.64 (s, 12H, ortho CH;). *C NMR
(100 MHz CDClL;): 6 = 292.3 (d, Ru=CHPh), 219.7, 152.6,
139.7, 138.3, 137.4, 134.2, 132.2, 130.5, 129.4, 129.2, 128.7,
128.6,128.4,127.8,127.6,125.5, 51.9, 50.2, 21.6, 18.9. *'P NMR
(161.9 MHz, CDCly): 6 = 37.29 (s). Q-TOFMS: calculated:
767.1896 [M-CI]*; found: 767.1916 [M-CI]*.

[1,3-Bis(2,6-dimethylphenyl)-4,5-dihydroimidazol-2-
ylidene](CsH;N),(Cl),Ru=CHPh (8)

Pyridine (2.0 ml, 25 mmol) was added to complex 7 (2.0 g,
2.5 mmol) in a 20 mL vial with a screw cap. The solution was
stirred in air at room temperature for 10 min, during which time
a color change from brown-red to bright green was observed.
The reaction mixture was cannula transferred into 50 mL of cold
(=5 °C) hexane, and a green solid precipitated. The precipitate
was filtered, washed with 4 x 20 ml of hexene, and dried under
vacuum to afford 8 as a green powder (1.6 g, 91% yield). '"H
NMR (400 MHz, CDCl;): 6 = 19.10 (s, 1H, CHPh), 8.63 (br, s,
4H, pyridine), 7.80 (br, s, 4H, pyridine), 7.64 (d, 2H, ortho CH,
J=172Hz),7.45(t, 1H, para CH, J = 7.8 Hz), 7.26 (t, 2H, meta
CH, J = 7.8 Hz), 7.17-6.93 (multiple peaks, 8H, pyridine, 2,6-
dimethylphenyl aromatic CH), 4.14 (br, s, 4H, NCH,CH,N),
2.65 (br, s, 6H, ortho CH;), 2.35 (br, s, 6H, ortho CH;). *C
NMR(100 MHz CDCL): 6 = 307.3 (m, Ru=CHPh), 220.4,
152.3, 150.0, 136.7, 136.0, 130.6, 130.3, 129.6, 129.0, 128.4,
128.1, 124.0, 123.8, 77.5, 77.2, 76.9, 48.3, 46.5, 22.8, 18.7. Q-
TOFMS: calculated: 663.1828 [M-CIJ*; found: 663.1830 [M—
ClIJ.

General procedure for CM of acrylonitrile and functionalized
olefins

To a mixture of cross partner (1.05 mmol) and acrylonitrile
(112 mg, 2.10 mmol) dissolved in dichloromethane (20 mL)
was added Ti(Oi-Pr), (60 mg, 0.21 mmol) under nitrogen
atmosphere by syringe. After stirring for 1 h at room tem-
perature, ruthenium catalyst 8 (70 mg, 0.1 mmol) dissolved in
dichloromethane was added by syringe. After 12 h of reflux,
the reaction was complete as indicated by TLC. Saturated
sodium bicarbonate was added to quench the reaction, the
organic layer was separated and the aqueous layer was extracted
with dichloromethane. The combined organic layers were dried
over anhydrous magnesium sulfate for several hours, and then
filtrated. The solution was concentrated via rotavapor. Flash
column chromatography (hexane-EtOAc) of the crude oil gave
the corresponding products. All compounds gave satisfactory
spectroscopic and analytical data. Selected data for compounds
are included. 9: '"H-NMR (400 MHz, CDCl,): 6 = 6.18 (s, 1H
cis), 6.27 (s,1H trans). 10: '"H-NMR (400 MHz, CDCl,): 0 = 6.81
(dt, J = 17 Hz, J = 3 Hz, 1H trans), 6.48 (dt, J = 16 Hz, J =
7 Hz, 1H cis), 5.71 (m, 1H), 4.34 (dd, / = 7 Hz, J = 2 Hz, 2H
trans), 4.23 (dd, J = 7 Hz, J = 2 Hz, 2H cis), 2.11 (s, 1H). 13:
'H-NMR (400 MHz, CDCl;): 6 =9.70 (d, J/ = 7 Hz, 1H), 6.90
(dt, J =17 Hz, J = 7 Hz, 1H trans), 6.71 (dt, J = 11 Hz, J =

4142

Org. Biomol. Chem., 2005, 3, 4139-4142

7 Hz, 1H cis), 6.40 (d, J = 17 Hz, 1H trans), 6.37 (d, J = 11 Hz,
1H cis). 14: '"H-NMR (400 MHz, CDCl;):6 = 11.0(d, J =7 Hz,
1H), 6.68 (dt, J = 17 Hz, J = 7 Hz, 1H trans), 6.45 (dt, J =
11 Hz, J = 7 Hz, 1H cis), 5.39 (d, J = 17 Hz, 1H trans), 5.31 (d,
J =7 Hz, 1H cis). 15: "H-NMR (400 MHz, CDCl;): 6 = 6.75
(dt, J = 17 Hz, J = 7 Hz, 1H trans), 6.64 (dt, J = 11 Hz, J =
7 Hz, 1H cis), 6.51 (dt, J = 17 Hz, J = 2 Hz, 1H trans), 6.43 (dt,
J =11 Hz, 2H cis), 3.84 (s, 3H).
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Palladium-catalysed carbonyl allylations can be effectively applied to the regio- and diastereoselective synthesis of
2-C- and 4-C-branched sugars from allylic esters or carbonates via the formation of m-allylpalladium(ir)
intermediates and their reductive transmetalation with indium(r) bromide.

Introduction

The allylation reaction has received a great deal of attention as an
important C—C bond forming reaction. In particular indium has
emerged as the reagent of choice to mediate the reaction between
an allyl halide and a carbonyl compound because of its environ-
mentally benign properties allied with a high degree of chemo-,
regio- and diastereoselectivity especially in aqueous media." This
methodology has been widely studied from a mechanistic point
of view? and also for various synthetic applications.® For exam-
ple, we recently reported the synthesis of C-branched sugars and
C-disaccharides under indium promoted Barbier-type allyla-
tions in aqueous media.* In particular, starting with 4-bromo-2-
enopyranosides, we could access different 2-C-branched sugars
and 4-C-branched sugars as well as C-disaccharides.*-* The
preparation of the allylic indium reagent was also reported
by reductive transmetalation of m-allylpalladium(ir) complexes
obtained from a large variety of allylic substrates with in-
dium salts in various solvents.®* This umpolung methodology
was successfully extended to vinyloxiranes,® vinylaziridines,’
N-acylnitroso Diels—Alder cycloadducts,® or m-allylpalladium
species obtained from aryl iodides and allenes in the presence
of palladium.’ The higher availability of usable allylic acetates
prompted us to examine the use of this methodology for
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preparing C-branched sugars in organic solvents as well as in
aqueous media. Indeed, this avoids the preparation of bromide
derivatives that are less accessible than hydroxyl groups naturally
present in sugars.

Results and discussion

We started our investigation by studying the reactivity of com-
pounds 3a—d, which were readily available from 1'° (Scheme 1).
After deacetylation (NaOMe/MeOH) and selective benzylation
at O-6, the allylic alcohol 2" was obtained in 85% yield in two
steps. Adequate protection of the hydroxyl group under standard
conditions furnished 3a—d in nearly quantitative yields.

We then tested the allylation reaction of benzaldehyde with
these substrates using indium(1) bromide and palladium(0) in
anhydrous THF as the solvent (Scheme 2). As shown in Table 1,
the yield in allylation compounds is dependant on the nature of
the leaving group. Indeed, when the reaction was carried out with
3a or 3b, which possess an acetate or a benzoate leaving group,
poor yields of coupling adducts were obtained even with heating
and a high catalyst loading (20 mol% of Pd(PPh;),) (entries 1
and 2). The yields of coupling products were greatly increased
when carbonate or trifluoroacetate were used as leaving groups.

QBN 3aR=CH

a = 3
c o

_ > R 3bR=Ph
)\ AN 3¢ R = OEt
S OEt  3dR=CF,

0

. R)J\O OBn 4bR = OEt
_°, o 4cR = CF,

OEt

a) MeONa/MeOH b) i) Bu,SnO, toluene, ii) nBuyNBr, BnBr (2, 85% for 2 steps) c) Ac,0O, pyridine (3a, 100%) or
PhCOCI, pyridine, DMAP (3b, 94%) or CICO,Et, pyridine, DMAP, CH,Cl, (3¢, 90%) or (CF3CO),0, 2,6-lutidine,
CH,Cl, (3d, 92%). d) PPhg, DEAD, PhCO,H, THF (4a, 88%). €) i) MeONa/ MeOH i) CICO,Et, pyridine, DMAP,
CH,Cly(4b, 89%) or (CF3C0),0, 2,6-lutidine, CH,Cl,(4c, 80%).

Scheme 1 Reagents and conditions for synthesis of compounds 3a—d and 4b and 4c.

0
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Scheme 2 Palladium-catalysed carbonyl allylation of allylic substrates with benzaldehyde.
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Table 1 Palladium-catalysed allylation of benzaldehyde with indium bromide and allylic substrates 3a—d and 4b and 4¢ under various conditions

Entry* 3or4 Pd(0) (mol%) Conditions Yield® (%) 5/6¢

1 3a Pd(PPh;), (20) 60°C,36h 8 100/0

2 3b Pd(PPh;), (20) 60°C,48h 31 100/0

3 3c Pd(PPh;), (20) rt, 18 h 96 37/63

4 3c Pd(PPh;), (10) rt,12h 80 36/64

5 3c Pd(OAc), (10) 3PPh, rt,12h 82 44/56

6° 3c Pd(PPh;), (10) rt,12h 82 99/1

74 3c Pd(PPh;), (10) rt,6h 65 66/34

8 3d Pd(PPhs), (20) rt,3h 93 100/0

9 3d Pd(PPh;), (10) rt,3h 77 100/0
10 3d Pd(OAc), (10) 3PPh, rt,3h 90 100/0
11 3d Pd(OAc), (5) 3PPh; rt,3h 86 100/0
12 3d Pd(OAc), (2) 5PPh, rt,12h 76 100/0
13 4b Pd(PPh;), (20) rt,6h 95 50/50
14° 4b Pd(PPhs), (10) rt,12h 40 0/100
15 4c Pd(PPh;), (10) rt,4h 51 0/100

“The reactions were carried out in a Barbier-type manner with InBr/allylic substrate/PhCHO (2/2/1) in THF (unless specified). ® Isolated yield
following chromatography. © Determined by '"H NMR spectroscopy. ¢ THF/H,O (2/1). ¢ 2 equivalents of LiCl were added.

Indeed, with the carbonate 3¢ (R = OEt), the reaction was
carried out at room temperature with 20 mol% of Pd(PPh;), and
led to a mixture of regioisomers 5 and 6 in a 37/63 ratio and 96%
yield (entry 3). The reaction was highly stereoselective since for
each regioisomer, a single stereoisomer was observed. The yields
were slightly decreased using 10 mol% of catalyst (entries 4 and
5). For the trifluoroacetate 3d, the 2-C-axial diastereoisomer
5 was the sole product obtained in high yield even with only
2 mol% of catalyst (entries 8-12). In this case, it was found that
Pd(OAc), used in combination with PPh; gave better results than
Pd(PPh;), contrary to what was observed with the carbonate 3¢
(entries 9 and 10 versus 4 and 5).

The reaction was also carried out with 3c in aqueous media
using a mixture of THF/H,0 (2/1) to produce compounds 5
and 6 in a 66/34 ratio and 65% yield (entry 7). This decreasing
yield was due to the competitive hydrolysis of the carbonate
compound leading back to compound 2. Using these aqueous
conditions, the trifluoroacetate 3d was found to be too labile and
no coupling adduct was obtained. We also tried the Pd(OAc),—
TPPTS catalyst that was described recently by our group to

favourably affect the generation of n-allylpalladium species and
their aqueous transmetalation with indium salts.> However, this
system was found to be ineffective with these two substrates.

The allylation reaction with compounds 4b and 4c¢ with
the leaving group in the axial position was also tested. They
were readily synthesized from 2 by a Mitsunobu reaction
giving 4a' in 83% yield. After removal of the benzoate group
(MeONa/MeOH), the corresponding alcohol was protected to
give 4b or 4c in high yields (Scheme 1).

The carbonate 4b (R = OEt) was then submitted to similar
conditions involving Pd(0)/InBr and provided the same cou-
pling adducts § and 6 in a 50/50 ratio and 95% yield (entry
13). On the other hand, the reaction with the trifluoroacetate 4¢
(R = CF;) led to the 4-C-equatorial adduct 6 as the sole product
but in a modest 51% yield due to a partial degradation of the
starting material (entry 15).

Inspection of the regio- and stereochemistry for these 2-C- and
4-C-branched sugars derived from allylindium reactions has led
to a postulated mechanism depicted in Scheme 3. In the catalytic
process, Pd(0) complexes may react with alkenes 3 or 4 to form
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Scheme 3 Rationalisation of the formation of 5 and 6.
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n-allyl species with inversion of configuration of the carbon
bearing the leaving group.”? The resulting n-allylpalladium(ir)
complexes 7 or 10 are then reductively transmetalated with
indium(1) salts to give allylindium(11) species, which react with
benzaldehyde. As was recently confirmed by our group, InBr
approaches from the same face as the palladium leading to a
reductive transmetalation with retention of configuration.*

Starting from the trifluoroacetate 3d (R = CF;), the two
possible allylindium(1in) regioisomers 8 and 9 can be formed.
However, the allylindium species 8 is probably preferred because
of a possible chelation operating between the indium and
the oxygen on the C-6 position of the sugar moiety. Then,
the reaction of the allylindium 8 and benzaldehyde led to
the formation of compound 5 probably through the currently
accepted six-membered cyclic transition state 13 between the
carbonyl compound and the allylindium.”* In this transition
state, the preferential equatorial position of the phenyl group of
benzaldehyde affords 5 as a single diastereoisomer with C-7 ()
configuration.”

In opposition, when starting from the carbonate 3¢ (R =
OEt), we observed, along with the expected S, the formation
of compound 6. This derivative must result from intermediate
12, which reacts with benzaldehyde through a six-membered-
ring transition state 14, which requires the inversion of the
pyranosidic ring leading to indium in the axial position. In
this transition state, the phenyl group is still preferentially in
an equatorial position, which led to the 4-C-equatorial adduct
6 as a single diasteroisomer with C-7 (S) configuration.” The
intermediate allylindium species 12 can probably result from
an isomerisation of the n-allylpalladium(ir) complex 7 to 10 by
Pd(0)."* After reductive transmetalation of 10 with indium(r)
salts, a mixture of 11 and 12 can be obtained. However, 12 is
probably favored by stabilisation of the anionic charge in the C-2
position due to the neighbouring electrophilic anomeric centre
in the absence of a possible chelation between the indium and
the oxygen on the C-6 position of intermediate 11.

In order to verify our hypothesis that inversion occurs at
the m-allylpalladium stage and not at the allylindium one
(equilibration between 9 and 12), we synthesised 2-bromo-
4-enopyranoside 20 with the bromide atom in an axial C-2
position. This compound was prepared by selective protection of
15" by a benzoate group at the O-2 position'® then the cleavage
of the 4,6-O-benzylidene group with NaBH;CN and HCl affords
the 6-O-benzyl derivative 17. Treated with PPh;, CHI; and
imidazole in refluxing toluene,' this later led to the allylic
benzoate 18 in 84% yield. After removal of the 2-O protecting
group and treatment of the resulting alcohol 19 with PPh; and
CBr, in CH,Cl,, the desired allylic bromide 20 was obtained.
This was then submitted to a Barbier-type allylation reaction
with benzaldehyde and indium bromide in THF (Scheme 4). In
this case, the reaction does not proceed at room temperature
but at 60 °C. After 36 hours, the only coupling adduct was 5,
which was obtained in a poor yield of 35%. Considering that the

exchange Br/In takes place with retention of stereochemistry
and that the alkylation occurs at the y position, one can deduce
that 5 comes from 8 after a stereospecific 1,3 indium migration of
9. This result provides strong evidence in favour of the assertion
that the allylindium(11r) species 9 do not epimerise to 12 under
the reaction conditions.

In order to increase regioselectivity with the carbonate 3¢, the
InBr/Pd(0)-mediated carbonyl allylation was carried out in the
presence of 2 equivalents of LiCl, which is known for having
an influence on the reactivity and selectivity of Pd-catalysed
allylic substitution reactions (Table 1, entry 6)."” In this case, the
chloride anion has a beneficial effect on the regiochemistry and
the coupling adducts 5 and 6 were obtained in a 99/1 ratio and
82% yield.

In the case of the axial derivatives, starting from the
trifluoroacetate 4¢, the resulting m-allylpalladium(ir) complex
10 is reductively transmetalated with indium(r) salts to give
preferentially the allylindium(iir) species 12, which allylates
benzaldehyde and gives 6 as the sole coupling product. For this
substrate, the allylation step is less favorable since a change in the
conformation of the sugar moiety is needed so that the reaction
occurs. However, with the carbonate 4b (R = OEt), isomerisation
of the m-allylpalladium(ir) complex 10 takes place leading to a
mixture of 5 and 6. In this case, the regioselectivity can also be
controlled by the addition of lithium chloride'” in the reaction
mixture furnishing only 6 but in a modest 40% yield (Table 1,
entry 14).

In conclusion, the above results show that 2-C- and 4-
C-branched sugars are effectively obtainable from readily
available allylic esters or carbonates via the formation of m-
allylpalladium(1r) intermediates and their reductive transmet-
alation with indium(1) bromide. Work is currently in progress in
our laboratory to extend this methodology to pyranosides that
contain allylic esters or carbonates in other positions.

Experimental
General

All moisture-sensitive reactions requiring anhydrous conditions
were conducted in oven-dried apparatus under an atmosphere
of argon. If necessary, solvents were dried and distilled prior
to use. External reaction temperatures are reported unless
stated otherwise. Reactions were monitored on silica gel 60
F,5,. Detection was performed using UV light and/or 5%
sulfuric acid in ethanol, followed by heating. Flash chromatogra-
phies were performed on silica gel 6-35 pm. [a], Values (in
deg cm® g~! dm~") were measured on an Electronic Digital Jasco
DIP-370 Polarimeter. IR spectra were recorded as thin films
unless stated otherwise. NMR spectra were recorded in CDCl;
unless stated otherwise with Bruker AC 200, 250 or Bruker AM
400 spectrometers. '"H NMR chemical shifts are reported relative
to CHCI, (0y 7.26), ¥C NMR chemical shifts are reported

Ph/YO o N BnO o . BnO o § BnO o
HO o HO Ho _— N - = N
OH OBz OEt OEt
15 OEt 17 OEt 19 OH

BnO
€ 0 InBr
_— \ Br —_ [ 8 ]
OEt
20

18 OBz

PhCHO

R —— 5

THF, 60°C, 36h
35% yield

a) i) BuySnO, MeOH. ii) PhCOCI, NEt,, dioxane (16, 90%). b) NaBH3CN, HCI/Et,O, THF, 4A MS (17, 87%). c) PPh, CHIj,
imidazole, toluene (18, 84%). d) MeONa/MeOH (19) . e)PPhs, CBry4, CH,Cl, (20, 61% from 18).

Scheme 4 Reagents and conditions for the synthesis of compound 20. Barbier-type allylation of 20 with benzaldehyde and InBr.

Org. Biomol. Chem., 2005, 3, 4089-4094

4091






relative to CDCl; (d¢ [central line of three] 77.0). Coupling
constants (J) are given in Hz. Mass spectra were recorded in
positive mode on a Finnigan MAT 95 S spectrometer using
electrospray ionization. Elemental analyses were performed at
the Service Central de Microanalyses du CNRS (Gif-sur-Yvette,
France).

Ethyl 6-O-benzyl-2,3-dideoxyhex-2-enopyranoside 2

To a solution of 1 (10 g, 38.8 mmol) in MeOH (300 mL) at
room temperature was added sodium methanolate (105 mg,
1.94 mmol). After 2 hours, the solvent was removed under
reduced pressure and the crude residue was dissolved in toluene
(150 mL). Bu,SnO (10.6 g, 42.6 mmol) was added and the
reaction mixture was refluxed while water was continuously
removed by means of a Dean Stark trap. After 4 h, nBu,NBr
(14.1 g, 43.8 mmol) and BnBr were added and the reaction was
then allowed to warm at 115 °C for 18 hours. The temperature
of the reaction was cooled to room temperature before addition
of ethyl acetate (200 mL) and water (100 mL). The two phases
were separated and the organic one was washed with a saturated
aqueous solution of NaHCO; (100 mL) and then with brine
(100 mL). The organic phase was dried over MgSQO,, filtered and
concentrated. Flash chromatography of the crude residue (SiO,,
petroleum ether (40-65 °C)/ethyl acetate = 8/2) gave allylic
alcohol 2 as a colourless oil (8.7 g g, 85%). Data consistent with
the literature."

Ethyl 4-O-acetyl-6-O-benzyl 2,3-dideoxyhex-2-enopyranoside 3a

Compound 2 (0.95 g, 3.6 mmol) was dissolved in pyridine (2 mL)
and acetic anhydride (0.7 mL, 7.2 mmol) was added. After
12 hours at room temperature, solvents were co-evaporated with
toluene and the residue was purified by flash chromatography
(SiO,, petroleum ether (40-65 °C)/AcOEt = 85/15) to afford
3a (1.1 g, 100%) as a colourless oil (Found: C, 66.55; H, 7.09; O,
25.95. C;H,, 05 requires C, 66.65; H, 7.24; O, 26.11%); [a]p? —
122.4 (¢ 0.5 in CHCL,); v, /cm™" 2976, 2896, 1741, 1455, 1372,
1234, 1103, 1045, 907, 738, 699; o (250 MHz, CDCl;) 7.50-7.25
(5H, m), 5.90 (1H, dd, J 3, 12), 5.83 (1H, dt, J 2, 12), 5.44 (1H,
dd, J 2, 10), 5.15-5.05 (1H, m), 4.67 (1H, d, J 12),4.51 (1H, d, J
12), 4.15-4.05 (1H, m), 3.87 (1H, dq, J 7, 10), 3.7-3.5 (3H, m),
1.97 (3H,s), 1.25(3H, t J 7); 6 (62.5 MHz, CDCl;) 170.0, 152.0,
129.0,128.0,127.6,127.4,127.3,93.9, 73.0, 68.3, 67.6, 65.3, 63.8,
20.6, 15.0; MS (EI) 329 (IM + NaJ*, 100%); HRMS (EI high
resolution): m/z 329.136310. C;;H,,NaOs requires 329.136493.

Ethyl 4-O-benzoyl-6-O-benzyl-2,3-dideoxyhex-2-
enopyranoside 3b

Compound 2 (0.66 g, 2.5 mmol) was dissolved in pyridine
(2.8 mL). DMAP (15 mg, 0.12 mmol) and benzoyl choride
((0.6 mL, 5 mmol) were added and the reaction mixture
was stirred 4 hours at room temperature. Solvents were co-
evaporated with toluene and the residue was diluted with ethyl
acetate (20 mL). The organic phase was washed with a saturated
aqueous solution of NaHCO; (2 x 10 mL) and then with brine
(10 mL). The organic phase was dried over MgSQO,, filtered and
concentrated. Flash chromatography of the crude residue (SiO,,
petroleum ether (40-65 °C)/ethyl acetate = 9/1) gave allylic
benzoate 3b (0.87 g, 94%) as a colourless oil (Found: C, 71.81;
H, 6.55; O, 21.6. C,,H,,05 requires C, 71.72; H, 6.57; O, 21.71%);
[a]p® 178 (¢ 0.6 in CHCLy); vy, /cm™ 3062, 3031, 2975, 2895,
1721, 1496, 1316, 1267, 1108, 1050, 1026, 736, 713; 5, (200 MHz,
CDCly) 7.97 (2H, d, J 8), 7.60-7.10 (8H, m), 6.03 (1H, d, J 12),
5.88 (1H, dt, J 2, 12), 5.70 (1H, dd, J 2, 9), 5.16-5.09 (1H, m),
4.64 (1H, d, J 12), 4.53 (1H, d, J 12), 4.32-4.20 (1H, m), 3.98
(1H,dq,J 7,9),3.7-3.5(3H, m), 1.29 3H, t J 6); 6 (62.5 MHz,
CDCl;) 165.7, 152.6, 137.8, 133.1, 129.6, 129.4, 128.2, 128.1,
127.9, 127.4, 127.3, 94.2, 73.2, 68.7, 68.1, 65.9, 64.1, 15.2; MS
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(ED 391 (M + NaJ*, 100%); HRMS (EI high resolution): m/z
391.152240. C,,H,,NaO; requires 391.152143.

Ethyl 6-O0-benzyl-4-O-(ethylcarbonate)-2,3-dideoxyhex-2-
enopyranoside 3¢

Compound 2 (0.66 g, 2.5 mmol) was dissolved in CH,Cl,.
Pyridine (1.4 mL, 12.5 mmol), DMAP (15 mg, 0.12 mmol)
and CICO,Et (0.66 mL, 6.8 mmol) were added successively at
0 °C. After 12 hours at room temperature, solvents were co-
evaporated with toluene and the residue was diluted with ethyl
acetate (20 mL) and H,O (10 mL). The aqueous phase was
extracted with ethyl acetate (3 x 15 mL) and the combined
organic phases were washed with a saturated aqueous solution
of NaHCO; (2 x 10 mL) and then with brine (10 mL). The
organic phase was dried over MgSQO,, filtered and concentrated.
Flash chromatography of the crude residue (SiO,, petroleum
ether (40-65 °C)/ethyl acetate = 85/15) gave allylic carbonate
3c (0.8 g, 95%) as a colourless oil (Found: C, 64.29; H, 7.11; O,
28.51. C;3H,,O; requires C, 64.27; H, 7.19; O, 28.54%); [a]5* 102
(¢ 0.7 in CHCL,); vpme/cm™ 3032, 2979, 2902, 1747, 1525, 1450,
1373, 1257, 1103, 1050, 1015; 6y (250 MHz, CDCl;) 7.40-7.20
(5H, m), 5.97 (1H, d, J 10), 5.84 (1H, td, J 2, 10), 5.32 (1H,
dd, J 2,9), 5.12-5.04 (1H, m), 4.68 (1H, d, J 12), 4.53 (1H, d,
J 12), 421 (1H, dd, J 2, 7), 4.14 (1H, dd, J 2, 7), 4.07 (1H,
td, J 3,9), 3.85 (1H, qd, J 7, 10), 3.7-3.43 (3H, m), 1.33-1.18
(6H, m); d (62.5 MHz, CDCl;) 154.8, 138.4, 129.2, 128.7, 128.6,
128.0, 127.9, 94.6, 73.7, 69.3, 69.1, 68.1, 64.6, 64.5, 15.7, 14.5;
MS (EI) 359 (M + Nal*, 100%); HRMS (EI high resolution):
m/z 359.1472. C;3sH,,NaO, requires 359.1465.

Ethyl 6-O-benzyl-4-O-trifluoroacetyl-2,3-dideoxyhex-2-
enopyranoside 3d

To a solution of 2 (0.66 g, 2.5 mmol) in CH,Cl, (10 mL) was
added successively at 0 °C 2,6-lutidine (0.3 mL, 2.6 mmol),
DMAP (30 mg, 0.25 mmol) and trifluoroacetic anhydride
(0.4 mL, 2.6 mmol). After 3 hours at room temperature, H,O
(15 mL) was added and the aqueous phase was extracted with
ethyl acetate (3 x 20 mL). The combined organic phases were
washed with a saturated aqueous solution of K,HPO, (2 x
15mL) and then with brine (15 mL). The organic phase was dried
over Na,SQO,, filtered and concentrated. Flash chromatography
of the crude residue (SiO,, petroleum ether (40-65 °C)/ethyl
acetate = 85/15) gave allylic trifluoroacetate 3d (0.83 g, 92%) as
a colourless oil (Found: C, 57.05; H, 5.38. C,;HyF;O5 requires
C,56.67;H,5.31; F, 15.82; 0, 22.20.%); [a]p* 90 (¢ 0.5 in CHC;);
Umax/cm™! 2978, 2899, 1787, 1454, 1372, 1223, 1160, 1109, 1050,
1018, 734; oy (250 MHz, CDCl;) 7.45-7.20 (5H, m), 6.0-5.91
(1H, m), 5.89 (1H, d, J 11), 5.69 (1H, d, J 10), 5.13-5.08 (1H,
m), 4.69 (1H, d, J 12), 448 (1H, d, J 12), 4.16 (1H, dt, J 3,
9), 3.86 (1H, dq, J 7, 10), 3.68-3.52 (3H, m), 1.26 (3H, t, J 7);
Jc (62.5 MHz, CDCl;) 150.0, 137.3, 129.6, 128.4, 127.8, 126.7,
94.1,73.5, 69.3, 67.8, 67.0, 64.5, 15.2; MS (EI) 287 (100%); 383
(IM + Nal*, 40%).

Ethyl 4-O-benzoyl-6-O-benzyl-2,3-dideoxyhex-2-
enopyranoside 4a

To a solution of 2 (1.3 g, 4.9 mmol) in anhydrous THF (12 mL)
were added triphenylphosphine (2.3 g, 8.8 mmol), benzoic acid
(1.1 g, 9 mmol) and DIAD (1.8 mL, 9.1 mmol). The reaction
mixture was stirred for 2 hours at room temperature and EtOAc
(30 mL) was added to the residue. The organic phase was washed
with a saturated aqueous solution of NaHCO; (3 x 15mL) and
then with brine (15 mL). The organic phase was dried over
MgSO,, filtered and concentrated. Flash chromatography of the
crude residue (SiO,, petroleum ether (40-65 °C)/ethyl acetate =
95/5) gave the allylic benzoate 4a as a colourless oil (1.5 g, 83%).
Data consistent with the literature.!





Ethyl 6-O-benzyl-4-O-(ethylcarbonate)-2,3-dideoxyhex-2-
enopyranoside 4b

To a solution of 4a (0.87 g, 2.36 mmol) in MeOH (10 mL)
at room temperature was added sodium methanolate (6 mg,
0.118 mmol). After 12 hours at room temperature, the solvent
was removed under reduced pressure and the crude residue was
dissolved in CH,Cl, (15 mL). Pyridine (1.4 mL, 12.5 mmol),
DMAP (30 mg, 0.25 mmol) and CICO,Et (1.3 mL, 13.8 mmol)
were added successively at 0 °C. After 2 hours at room
temperature, H,O (20 mL) was added and the aqueous phase
was extracted with CH,Cl, (3 x 20 mL). The combined organic
phases were washed with a saturated aqueous solution of
NaHCO; (15 mL) and then with brine (10 mL), dried over
MgSO.,, filtered and concentrated. Flash chromatography of the
crude residue (SiO,, petroleum ether (40-65 °C)/ethyl acetate =
95/51t09/1) gave allylic carbonate 4b (0.7 g, 89%) as a colourless
oil (Found: C, 63.63; H, 7.03; O, 29.25. C3H,,0O, requires C,
64.27;H,7.19; O, 28.54%; [a]p* —146 (¢ 0.4in CHCL,); vyye /cm™
2978, 2876, 1742, 1455, 1372, 1259, 1101, 1050, 1009, 739; dy
(250 MHz, CDCl;) 7.40-7.20 (5H, m), 6.19 (1H, dd, J 5, 10),
6.05(1H,dd, J 3,10),5.08 (1H,d, J 2),4.90 (1H, dd, J 2, 5), 4.62
(1H,d,J 12),4.54(1H, d, J 12),4.38 (1H, td, J 2,7),4.2 (1H, dd,
J1,7),4.14(1H,dd, J 1,7),3.86 (1H, dq, J 7, 9), 3.71 (2H, d,
J7),3.56(1H,dq, J 7,9), 1.28 3H, t, J 7, CH,CH;), 1.23 (3H,
t, J 7); ¢ (62.5 MHz, CDCl;) 154.6, 138.0, 131.1, 128.7, 128.6,
128.0, 124.7, 93.5, 73.2, 68.6, 67.4, 65.8, 64.0, 63.6, 15.1, 14.0;
MS (EI) 359 (IM + NaJ*, 100%); HRMS (EI high resolution):
m/z 359.147820. C,sH,,NaOq requires 359.147058.

Ethyl 6-O-benzyl-4-O-trifluoroacetyl-2,3-dideoxyhex-2-
enopyranoside 4¢

To a solution of 4a (1.5 g, 4.08 mmol) in MeOH (20 mL) at room
temperature was added sodium methanolate (11 mg, 0.2 mmol).
After 12 hours at room temperature, the solvent was removed
under reduced pressure and the crude residue was purified by
flash chromatography (SiO,, petroleum ether (40-65 °C)/ethyl
acetate = 8/2 to 7/3) to afford allylic alcohol as a colourless
oil (0.88 g, 81%). The latter (0.88 g, 3.3 mmol) was dissolved in
CH,CI, (15 mL) and 2,6-lutidine (0.42 mL, 3.63 mmol), DMAP
(40 mg, 0.33 mmol) and trifluoroacetic anhydride (0.5 mL,
3.63 mmol) were added successively at 0 °C. After 3 hours at
room temperature, H,O (15 mL) was added and the aqueous
phase was extracted with CH,Cl, (3 x 20 mL). The combined
organic phases were washed with a saturated aqueous solution of
K,HPO, (2 x 15 mL) and then with brine (15 mL). The organic
phase was dried over Na,SO,, filtered and concentrated. Flash
chromatography of the crude residue (SiO,, petroleum ether
(40-65 °C)/ethyl acetate = 9/1) gave allylic trifluoroacetate 4¢
(1.18 g, 99%) as a colourless oil (Found: C, 56.39; H, 5.28.
C;H,,F;0s requires C, 56.67; H, 5.31; F, 15.82; O, 22.20%);
[alp® =171 (¢ 0.9 in CHCL,); vpa/cm™; oy (250 MHz, CDCl;)
7.50-7.20 (5H, m), 6.15-6.10 (2H, m), 5.24-5.18 (1H, m), 5.09—
5.05(1H, m), 4.55-4.35 (3H, m), 3.82 (1H, dq, J 7, 9), 3.71-3.47
(3H,m), 1.22(3H,t,J 7),1.23 (3H, t,J 7); 6. (62.5 MHz, CDCl;)
154.0, 137.5, 132.9, 128.4, 127.8, 127.6, 122.9, 93.4, 73.5, 67.9,
67.1,66.6,64.1,15.1; MS (EI) 287 (100%); 383 ([M + Na]*, 80%).

General procedure for palladium—indium bromide mediated
carbonyl allylation

To a solution of 3a—d or 4b, ¢ (0.5 mmol) in dry THF (1.5 mL)
was added Pd® under argon at room temperature. The reaction
mixture was stirred for 5 min before addition of benzaldehyde
(26 pL, 0.25 mmol) and indium bromide (97 mg, 0.5 mmol).
After completion of the reaction, the solvents were evaporated
under reduced pressure and the crude residue was purified by
flash chromatography (SiO,, petroleum ether (40-65 °C)/ethyl
acetate = 9/1 to 8/2) to afford to 5 and/or 6 as a colourless
oil.’?

Ethyl  6-O-benzyl-2-C-[(S)-1-phenyl-1-hydroxymethyl]-3,4-
dideoxy-a-D-threo-hex-3-enopyranoside 5. Rf = 0.27 (SiO,,
petroleum ether (40-65 °C)/ethyl acetate = 9/1); Found: C,
74.36; H, 7.49; O, 18.31. C,,H»O, requires C, 74.55; H, 7.39; O,
18.06%); [a]p? 66 (¢ 0.6 in CHCL,); v, /cm™"' 3446, 3062, 3031,
2974, 2863, 1495, 1454, 1363, 1311, 1186, 1116, 1066, 1022,
920, 845, 766, 734, 700; oy (250 MHz, CDCl;) 7.50-7.20 (10H,
m, Ph), 5.80 (1H, dt, J 1, 12, H-3), 5.48 (1H, dt, J 2, 12, H-4),
5.11 (1H, bs, H-1), 4.69 (1H, d, J 7, H-7), 4.64 (2H, s, CH,Ph),
4.42-4.32 (1H, m, H-5), 3.82 (1H, dq, J 7, 10, CH,CH,), 3.61
(2H, dd, J 1, 4, H-6 and H-¢'), 3.53 (1H, dq, J 7, 10, CH,CH;),
2.95-2.75 (1H, bs, OH), 2.55-2.45 (1H, m, H-2), 1.20 (3H,
t J 7, CH,CH;); dc (62.5 MHz, CDCl,) 142.4, 137.9, 128.2,
128.1, 127.7, 127.6, 127.5, 127.4, 124.3, 96.7, 74.7, 73.2, 71.9,
67.6, 63.3, 46.0, 15.0; MS (EI) 377 (IM + Na]*, 100%); HRMS
(EI high resolution): m/z 377.172879. C»HyNaO, requires
377.173120.

Ethyl  6-O-benzyl-4-C-[(S)-1-phenyl-1-hydroxymethyl]-2,3-
dideoxy-a-D-erythro-hex-2-enopyranoside 6. Rf = 0.24 (SiO,,
petroleum ether (40-65 °C)/ethyl acetate = 9/1); Found: C,
73.87; H, 7.56; O, 17.99. C,,H»0, requires C, 74.55; H, 7.39; O,
18.06%); [a]p* 3.6 (¢ 0.3 in CHCL,); v,,,/cm™' 3450, 3087, 3032,
2976, 2927, 2876, 1495, 1453, 1266, 1089, 1050, 1012, 737, 702;
Ju (250 MHz, CDCl;) 7.50-7.20 (10H, m, Ph), 5.75 (1H, dt, J
3,10, H-3), 5.51 (1H, dd, J 2, 10, H-2), 4.97 (1H, bs, H-1), 4.61
(1H, d, J 12, CH,Ph), 4.53 (1H, dd, J 3, 8, H-7), 4.51 (1H, d, J
12, CH,Ph), 4.04 (1H, td, J 4, 8, H-5), 3.90-3.74 (2H, m, H-6
and CH,CHj;), 3.68 (1H, dd, J 4, 10, H-6'), 3.52 (1H, qd, J 7,
10, CH,CH,), 3.14 (1H, d, J 3, OH), 2.82 (1H, m, H-4), 1.22
(3H, t, J 7); 6¢ (62.5 MHz, CDCl;) 142.6, 138.2, 130.4, 128.9,
128.8, 128.3, 128.2, 128.1, 127.3, 127.2, 94.0, 75.9, 73.8, 72.8,
69.6, 63.9, 44.4, 15.8; MS (EI) 377 (IM + Na]*, 100%); HRMS
(EI high resolution): m/z 377.17225. C,H,NaO, requires
377.1723.

Ethyl 4,6-benzylidene-2-O-benzoyl-a-D-glucopyranoside 16

To a solution of 15 (1.5 g, 5.1 mmol) in dry MeOH (20 mL) was
added Bu,SnO (1.24 g, 5 mmol) and the reaction mixture was
refluxed for 1 hour after which the solution became completely
clear. The solvents were removed under reduced pressure and
the crude residue was diluted in dry dioxane (37.5 mL). NEt,
(0.8 mL, 5.5 mmol) and benzoyl chloride (0.64 mL, 5.5 mmol)
were then added and the reaction mixture was stirred for 1 hour
at room temperature. The reaction mixture was filtered over
Celite and the solvents were evaporated under reduced pressure.
Flash chromatography of the crude residue (SiO,, petroleum
ether (40-65 °C)/ethyl acetate = 85/15 to 8/2) gave 16 (1. 8 g,
90%) as a colourless oil (Found: C, 66.13; H, 6.15; O, 27.84.
C,,H,,0; requires C, 65.99; H, 6.04; O, 27.84%); [a]p® 10.7 (¢
0.6 in CHCL); v, /cm™" 3450, 3066, 3038, 2977, 2927, 2870,
1720, 1630, 1524, 1453, 1380, 1334, 1277, 1097, 1031, 988, 758,
710; 6y (250 MHz, CDCL,) 8.13 (2H, d, J 7), 7.65-7.35 (8H, m),
5.59 (1H, s), 5.22 (1H, d, J 4), 5.05 (1H, dd, J 4, 9), 4.45-4.30
(2H, m), 3.97 (1H, dd, J 4, 9), 3.82-3.75 (2H, m), 3.64 (1H, t,
J9),3.51 (1H, qd, J 7,10), 2.90-2.75 (1H, bs), 2.70-2.62 (1H,
bs), 1.22 (3H, t J 7); ¢ (62.5 MHz, CDCl;) 166.2, 137.0, 133.2,
129.8, 129.2, 128.3, 128.2, 126.3, 126.2, 101.9, 96.4, 81.4, 74.0,
68.8, 68.7, 63.9, 62.1, 14.9; MS (EI) 423 (IM + Na]*, 100%).

Ethyl 6-O-benzyl-2-O-benzoyl-a-D-glucopyranoside 17

To a solution of 16 (2.38 g, 5.95 mmol) in dry THF (60 mL)
was added powdered molecular sieves (4 A, 3.2 g), orange
methyl and NaBH;CN (3.2 g, 50.8 mmol). After 15 min at
room temperature, the yellow solution was cooled to 0 °C
and a saturated solution of HCI in ether was added until the
solution turned to pink. The reaction mixture was then added
to a cold saturated aqueous solution of NaHCO; (100 mL) and
the aqueous phase was extracted with Et,O (3 x 100 mL). The
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combined organic layers were washed with H,O (3 x 10 mL)
and then with brine (100 mL). The organic phase was dried over
Na,S0,, filtered and concentrated. Flash chromatography of the
crude residue (SiO,, petroleum ether (40-65 °C)/ethyl acetate =
6/4) gave compound 17 (2.1 g, 87%) as a white solid (Found:
C, 65.51; H, 6.53; O, 27.62. C,,H,,O; requires C, 65.66; H, 6.51;
0, 27.83%); [alp® — 109 (¢ 0.5 in CHCLy); vy, /cm™" 3484, 3351,
3089, 3066, 3037, 2983, 2864, 1712, 1603, 1584, 1496, 1452,
1316, 1288, 1158, 1115, 1046, 705; oy (250 MHz, CDCl;) 8.08
(2H, d, J 7), 7.65-7.25 (8H, m), 5.15 (1H, d, J 3), 4.94 (1H, dd,
J 3, 10), 4.66 (1H, d, J 12), 4.47 (1H, d, J 12), 4.22-4.10 (1H,
m), 3.92-3.65 (5H, m), 3.49 (1H, dd, J 7, 10), 3.00-2.92 (1H,
bs), 2.70-2.62 (1H, bs), 1.19 (3H, t J 7); ¢ (62.5 MHz, CDCl;)
166.4, 137.8, 133.1, 129.8, 129.6, 128.3, 128.2, 127.6, 95.8, 73.7,
73.5,71.7,71.6, 69.8, 69.5, 63.6, 14.9; MS (EI) 425 (IM + Nal*,
100%).

Ethyl 2-O-benzoyl-6-O-benzyl-3,4-dideoxyhex-3-
enopyranoside 18

To a solution of 17 (0.125 g, 0.31 mmol) in toluene (10 mL) was
added successively PPh; (0.33 g, 1.3 mmol), imidazole (43 mg,
0.635 mmol) and CHI; (0.244 g, 0.62 mmol) and the reaction
mixture was allowed to warm to reflux for 45 min. The solution
was cooled and diluted with ethyl acetate. The organic layer
was washed with a saturated aqueous solution of NaHCO, (2 x
20 mL), dried over Na,SO,, filtered and concentrated. Flash
chromatography of the crude residue (SiO,, petroleum ether
(40-65 °C)/ethyl acetate = 9/1) gave compound 18 (95 mg,
84%) as a colourless oil (Found: C, 71.99; H, 6.66; O, 21.82.
C,,H,,0; requires C, 71.72; H, 6.57; O, 21.71%); [a]p® — 31 (¢
0.3 in CHCLy); v, /cm™' 3063, 3031, 2975, 2863, 1718, 1452,
1319, 1267, 1099, 714; 6 (250 MHz, CDCl;) 8.08 (2H, d, J 7),
7.55-7.20 (8H, m), 5.99 (1H, dt, J 2, 10), 5.87 (1H, d, J 10),
5.62-5.55(1H, m), 5.39 (1H, d, J 4), 4.65 (2H, 5), 4.52-4.42 (1H,
m), 3.87 (1H, dq, J 7, 10), 3.72-3.51 (3H, m), 1.22 3H, t J 7);
dc (62.5 MHz, CDCl;) 165.7, 137.6, 132.8, 129.4, 129.2, 128.1,
128.0, 127.3, 123.1, 94.3, 73.1, 71.6, 67.4, 66.9, 63.8, 14.8; MS
(EI) 391 (M + NaJ*, 100%); HRMS (EI high resolution): m/z
391.15215. C,,H,4NaOs requires 391.152143.

Ethyl 6-O-benzyl-2-bromo-3,4-dideoxyhex-3-enopyranoside 20

To a solution of 18 (0.86 g, 2.3 mmol) in MeOH (10 mL) was
added sodium methanolate (6 mg, 0.115 mmol). After 2 days
at room temperature, the solvent was removed under reduced
pressure and the crude residue was diluted in ethyl acetate. The
organic layer was washed with a saturated aqueous solution
of NaHCO; (20 mL), brine (20 mL) then dried over Na,SO,,
filtered and concentrated. The crude residue was diluted in
CH,CI, (10 mL) and PPh; (0.9 g, 3.45 mmol) and CBr, (0.84 g,
2.5 mmol) were successively added at —10 °C. After 2 hours at
0 °C then 12 hours at room temperature, a saturated aqueous
solution of NaHCO; (10 mL) was added and the aqueous phase
was extracted with CH,Cl, (3 x 15 mL). The combined organic
layers were washed with brine (25 mL), dried over Na,SO,,
filtered and concentrated. Flash chromatography of the crude
residue (SiO,, petroleum ether (40-65 °C)/ethyl acetate = 95/5)
afforded compound 20 (0.46 g mg, 61% for two steps) as a
colorless oil. [a]p* 232 (¢ 0.4 in CHCL,); v,,../cm™" 3030, 2976,
2865, 1496, 1363, 1335, 1187, 1112, 1062, 761; Jy (400 MHz,
CDCl,) 7.45-7.20 (5H, m), 6.01 (1H, dd, J 5, 10), 5.88 (1H,
dd, J 2, 10), 5.19 (1H, s), 4.62 (2H, s), 4.54-4.48 (1H, m), 3.83
(1H, dq, J 7, 10), 3.69 (1H, dd, J 6, 10), 3.61 (1H, dq, J 7,
10), 3.58 (1H, dd, J 6, 10), 1.21 (3H, t J 7); . (62.5 MHz,
CDCl;) 138.0,129.4,129.4,128.3,127.7,127.6, 124.5,99.2, 73.5,
71.7,67.4, 64.1,42.7, 15.0; MS (EI) 349 (IM + Na]*, 98%), 351
(IM + NaJ*, 100%); HRMS (EI high resolution): m/z 349.04132.
C,sH,,NaBrO; requires 349.041537.
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Novel azetidinyl y-lactam based peptides 1-3 have been
synthesized with only compound 1 showing a preference
for the B-turn conformation.

The physiological role displayed by a large number of peptides
has stimulated researchers all over the world to design and
synthesize similar molecules, which are now collectively called
peptidomimetics.! Natural peptides seldom can be used ther-
apeutically as drugs because of the problems associated with
low absorption, rapid metabolism and poor oral bioavailability.>
Peptidomimetics, designed on the basis of modification of the
natural sequence of amino acids in bioactive peptides, have the
advantage of providing new functionalities that can circumvent
these problems.®* However, since small molecules are usually
conformationally flexible and hence have to cross a considerable
entropy barrier to adopt the bioactive conformation, it would
be favourable to design molecules with rigid conformation.
Rigidity in conformation can be achieved by introducing
features in the structure that will induce the molecule to adopt a
particular conformation.* An intriguing challenge in the design
of peptidomimetics is the development of templates that stabilize
structures resembling secondary structure motifs of peptides.
Reverse turn mimetics® have so far been the prime target in this
area. The localization of turns on the surface of proteins has led
to the belief that these must play an important role in receptor—
peptide recognition events.® The B-turn which is the most
common in peptides, is a tetrapeptide sequence in a non-helical
region, in which the distance between Ca(i) to the Ca (i + 3) is
less than or equal to 7 A and the donor/acceptor distance (i +
3)NH - - - OC(i) of the turn-stabilizing hydrogen bond (typically,
1.8-2.5 A for H---O distance and 2.6-3.2 A for N...O
distance).” The induction of B-turns in non-peptide molecules
is driven by the formation of such an intramolecular H-bond.
Herein we report our investigation of the design, synthesis
and conformational characterization of a novel azetidinyl y-
lactam based peptide that illustrates this concept. In addition,
the identification of the structural parameters along with the
stereochemistry involved in the stabilization of lactam-based
peptidomimetics is also reported.

The natural B-turn is represented by structure A in which a
10-membered H-bond network is formed. Our idea to design the
lactam-based peptidomimetic represented by Bis based upon the
consideration of the following: a cyclic moiety replaces a C(a)-N
bond of the i 4+ 2 amino acid, (ii) carbonyl of (i + 1) amino acid is
excluded from the backbone and placed in the side chain and (iii)
most importantly, connecting the N of (i + 1) amino acid and
C(a) of amino acid (i) by a methylene bridge. An intramolecular

1 Electronic supplementary information (ESI) available: Experimental
procedures, '"H NMR, *C NMR, VT NMR and NOESY spectra of
representative compounds, energy minimized conformation of 1 and
ORTEP diagram and X-ray crystallographic data for compound 11. See
DOI: 10.1039/b511029g
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H-bond as shown can then be visualized which will ensure the
retention of the B-turn. An alternative structural design C can
also be thought of in which the N of (i + 1) and C(a) amino
acid interchange their positions. This should not disturb the H-
bond and should retain the turn structure as conceived. Since
structure C is more amenable towards synthesis, we had to work
on its synthesis and to study its conformational characteristics.?

Before embarking on the actual synthesis, a conformational
analysis was performed. Low-energy conformers were generated
by molecular mechanics force field calculations using Spartan’04
VI 0.0 (Fig. 1). Only the trans peptide was shown to adopt
a conformation in which the glycine NH and the B-lactam
carbonyl are within a distance of 1.813 A, indicating strong
intramolecular H-bonding possibility. No such preferences
could be seen for the cis peptides.

Fig. 1 Energy minimized conformation of 1.

The synthesis of the peptides relied upon the availability
of the 3-pyroglutamylmethyl B-lactam in cis and trans forms,
preferably enanatiomerically pure. To prepare these compounds,
the Kinugasa reaction’ was our method of choice because of
its mild conditions coupled with the easy access to various
propargyl acetylenes used as the 2-electron component for these
reactions. An asymmetric version of the Kinugasa reaction is
also quite well known." Our synthetic strategy is shown in
Scheme 1. The propargyl ethyl pyroglutamate 6 was prepared
and the Kinugasa reaction between 6 and the diphenyl nitrone 7
was carried out in CH,CN solution in presence of triethylamine
and cuprous iodide. Interestingly, the reaction produced three
diastereomers: one trans isomer 8 and a pair of cis isomers 9 and
10. It appears that only one of the cis isomer 10 has epimerized to
the trans compound. The other cis isomer 9 is configurationally
more stable and is resistant to epimerization. The two cis isomers
had similar polarity on Si-gel and we decided to carry out the
synthesis of the peptides with the mixture. However, elaboration

This journal is © The Royal Society of Chemistry 2005
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Scheme 1 Synthesis of the tripeptides 1-3.

to the peptide was first carried out with the frans isomer as
this was one pure diastereomer and for that, the ester in the
pyroglutamic acid moiety needed to be hydrolysed. Initially,
considering the sensitivity of B-lactams towards nucleophiles,
enzymatic hydrolysis was considered; both porcine pancreatic
lipase (PPL) and porcine liver esterase (PLE) gave poor yield of
free acid 11. Finally, LiIOH in THF-H, 0" was found to provide
the free acid 11 in acceptable yield (75%). Since the configuration
at C-2 was prefixed as we have started from S-pyroglutamic
acid and since the configuration at this centre remains unaltered
as can be seen from the production of only one diastereomer
upon coupling, the absolute configuration of the acid 11 could
be ascertained from the single crystal X-ray structure (ORTEP
diagram shown in Fig. 2)."® The acid was then coupled with
the C-protected dipeptide 14 in presence of EDCI-HOBT to
afford the protected tripeptide 1 as a white solid. Similarly, the
cis isomers were deprotected to the free acids 12/13 and were
coupled to the free amine to prepare the protected tripeptides
2/3 which could only be separated by HPLC.

Fig.2 ORTEP diagram of 11.

The peptides were fully characterized by NMR and mass
spectroscopy. In the '"H NMR of the frans peptide 1 in CDCl,,
the two NH’s were overshadowed by the aromatic signals, which
were, however, clearly visible when the spectrum was recorded in
ds,-DMSO. The glycine NH appeared as a triplet at 6 8.21 while
the phenyl alanine NH appeared as a doublet at 6 8.27. The
C-4 hydrogen in the azetidinone moiety appeared as a doublet

at 0 4.88 with a coupling constant of 2.1 Hz characteristic of
trans configuration. The cis-isomers behaved similarly with the
NH’s appearing as triplet and doublet in the most downfield
region. C-4 hydrogen expectedly appeared as a doublet with a
characteristic coupling constant of 6 Hz.

The tripeptide model compounds, namely the frans and
the corresponding cis isomers, were studied by 'H NMR
spectroscopy to measure the temperature coefficients of the two
NH protons. This method has become a useful tool to determine
the presence of intramolecular H-bonding. The temperature
coefficients of the various NH’s are listed in Table 1. In the
trans peptide 1 the temperature coefficient NH of glycine is the
lowest and is close to the Kessler limit** of 3 ppb suggesting
strong intramolecular H-bonding. That the phenyl alanine-
NH has a higher temperature coefficient than the glycine-NH
can be clearly seen. With a rise in temperature the phenyl
alanine-NH signal shifted upfield at a higher rate and ultimately
crossed the signal for the glycine NH (Fig. 3). For both the
cis tripeptides 2 and 3, the temperature coefficients of chemical
shifts for all the NHs are above 5.0, which indicate the absence
of a definite B-turn motif in these systems. Thus, it seems that
while a B-turn like-conformation is preferred in trans peptide
1, no such preferences could be seen in the cis peptides 2
or 3. Hence the stereochemistry of the B-lactam ring plays
a key role in controlling the conformation of the peptides.
For the trans peptide 1, in order to know which carbonyl is
involved in intramolecular H-bonding, the truncated amide
4 was synthesized. In this case, intramolecular H-bonding is
present (temperature coefficient is 4.8 ppb) although to a lesser
extent as compared to the tripeptide 1. Presence of some
degree of intramolecular H-bonding indicates that the B-lactam
carbonyl participates in intramolecular H-bond with the glycine
amide NH.

Tablel NMR Temperature coefficients of NH chemical shifts in
DMSO-d,*

Compound no. NH Glycine NH Phenylalanine NH Benzylamine
1 3.4 5.6

2 6.0 5.7

3 6.2 6.0

4 4.8

“AS/AT (ppb K).
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Fig. 3 'H-NMR signals of phenylalanine and glycine NHs of peptide
1 at various temperatures.

We have thus successfully designed and synthesized a new
class of azetidinyl y-lactam-based peptide. From VT-NMR
experiments it has been shown that the peptide with trans
stereochemistry in the azetidinone moiety adopts a B-turn like
conformation unlike the corresponding cis isomers for which the
NHs are either mostly intermolecularly H-bonded or exposed
to the solvent. Current attempts are aimed towards making the
water-soluble analogs of 1 suitable for study under biological
conditions.
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The novel ferrocene-based ditopic receptor 1 was synthesized. This receptor bears two oligoethylene glycol arms with
pendant 2,2"-bipyridine unit at the identical cyclopentadienyl rings, Cu' cation binds to 1 to form the 1 : 1 complex
(1-Cu'") with the cavity consisting of polyether, and the resulting complex acts as a receptor for amino acid ester salts
to give the ditopic complex (1-Cu'-AAOMe-HCI). The '"H NMR spectrum of 1-Cu'-LeuOMe-HCI exhibits strong
broadening at the bipyridine region, and the ESR spectrum of the same sample gives the signals assigned as Cu"
species. With these data, the binding of 1-Cu' towards AAOMe-HClI leads to the conformational change, and the

Cu' complex is simultaneously oxidized to the Cu" complex.

Introduction

Ferrocene-based receptors have attracted much attention and
extensive researches are being focused on the dynamic control
of their structural and spectroscopic features using redox
reactions. Such redox switchable receptors are also useful as an
electrochemical probe of the binding of metal cations. In most
cases, the structure of these receptors includes the redox-active
ferrocene unit and the metal cation binding site such as crown
ether,"? aza-crown ether®® or cryptand®® moieties, and the cation
binding event is directly detected by a change in redox-potential.
Beer and co-workers reported the anion selective recognition®
and the simultaneous recognition* of both cations and anions
using ferrocene-based polyaza macrocycles. Although there are
numerous studies on ferrocene derivatives bearing crown ether
or related macrocycle units acting as ion selective receptors,’
reports on ferrocene-based receptors having open-chain recog-
nition sites are considerably less frequent and only a few
examples have been published.*'> Among non-crown ether type
ferrocenyl ligands, only the ferrocene-bipyridine conjugate was
exceptionally well-examined. !¢

In this paper, we describe the synthesis of the novel ferrocene-
based ditopic receptor 1 (Scheme 1) bearing two identical
oligoethylene glycol arms with pendant 2,2"-bipyridine unit at
the independent cyclopentadienyl (cp) rings and the recognition
behavior of receptor 1 towards amino acid methyl ester salts. The
complexation of 2,2’ -bipyridine unit towards Cu' cation is one of
the most studied examples of the metal-ligand interaction,'*?*
thus the complexation between the present receptors and
Cu' was utilized for pre-organization of receptor cavity. The
electrochemical properties of this ditopic receptor are also
investigated.

£ Q ~d 07y \;, ~ 0 ~g 07y
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> o le) N\
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g Scheme 1 Chemical structures of the ferrocene receptor 1 and the
& reference compound 2.
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Results and discussion

Synthesis and characterization of ferrocene receptor 1 and its
Cu' complex

The condensation of 1,1’-bis(chlorocarbonyl)ferrocene® with
two equiv. of 2,2-bipyridine-pendant oligoethylene glycol re-
sulted in the formation of the desired ferrocene receptor 1 as
brown oil in nearly quantitative yield. (Scheme 2) Since the
reaction was slow but clean, a similar reaction was effective to
prepare the reference compound 2 without 2,2’ -bipyridine unit.
(Scheme 1) Compound 1 and 2 were characterized by 'H NMR
spectroscopy and electron spray ionization mass spectrometry
(ESI-MS).

CHzBr' J\< f\l)OH
L L (B9

C/)—(\\ / ‘— \
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&WOH @\W,CI iv
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Scheme 2 Synthesis of the ditopic ferrocene receptor 1. Reagents
and conditions: (i) N-bromosuccinimide, AIBN, CCl,, reflux, 6 h,
(ii) triethylene glycol, KOH, 1,4-dioxane, reflux, 13 h, (iii) oxalyl chloride,
pyridine, CH,Cl,, rt, 12 h then reflux, 6 h, (iv) CH,Cl,, reflux, 39 h.

The corresponding Cu' complex could be obtained by the
simple mixing of two separate acetonitrile solutions of 1 and
[(CH;CN),Cu]PFq. In order to determine the stoichiometry of
the ligand 1-Cu' salt complex, spectrophotometric titrations
were performed. Job’s method was employed using 11 differ-
ent mixtures of the acetonitrile solutions of 1 (50 uM) and
[(CH;CN),Cu]PF¢ (50 uM). The UV absorption was measured
at the absorption maxima appeared at 445 nm which was
assigned as the metal to ligand charge transfer absorption
band.?*** The Job’s plot clearly shows the formation of a 1 :
1 complex. (Fig. 1)

In electrospray ionization mass spectrometric studies, no
multinuclear complex (1,-Cu,) was detected, and the peak
corresponding to the 1 : 1 complex was observed at m/z = 937

This journal is © The Royal Society of Chemistry 2005
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Fig. 1 (a) Absorption titration profiles recorded during stepwise
addition of Cu' cations to a solution of 1 in acetonitrile. (b) Job’s plot in
the complexation of 1 with [(CH;CN),Cu]PF,. The total concentration
of the two components was 50 uM in acetonitrile, with mole fractions
varying from 0 to 1. The absorbance at 445 nm was measured at 25 °C.
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Fig. 2 Observed electrospray mass spectrum (red line) for (a) com-
plex 1.Cu' and (b) ditopic complex 1-Cu'-LeuOMe, with the cal-
culated isotopic pattern (black line) for (a) C,HsN,O, Fe,Cu, and
(b) Cs3HgsN;sO,,Fe, Cu,.

with the isotopic peaks separated by 1.0 m/z unit. (Fig. 2a)
These results also indicate that the mixing of ligand 1 and
Cu' cation gave the 1 : 1 complex as a sole coordination
product. Moutet and co-workers reported the structure of the
complex formed between similar ferrocene-bipyridyl ligand and
Cu' cation. Because of the insolubility of binuclear complex,
they obtained a 2 : 2 complex in the solid state,'® while 1 : 1 and
2: 1 complexes in solution.”™¥ In the present case, no precipitate
was observed when the solution of 1 combined with a solution
of Cu' salt at any concentration examined.

The ditopic nature of ferrocene receptor 1

Several metallo-helicates bearing the oligoethylene glycol unit
act as ditopic receptors for metal cations.** In contrast to the
electrochemical studies of alkali- and alkaline earth-metal cation
binding receptors, the examples of redox-active ammonium
sensors are very few.” Thus, we have investigated the ditopic
nature of receptor 1 by way of the evaluation of cation binding
behavior at the pendant 2,2"-bipyridine unit and the oligoethy-
lene glycol arms using Cu' and ammonium cations of amino
acid methyl ester salts, respectively. The ESI-MS spectrum of the
reference compound 2 in the presence of LeuOMe-HCI shows
the peak at m/z = 712 assigned as 2-LeuOMe accompanied
by the peak at m/z = 589 (2-Na*). This result indicates the
effective host—guest recognition between 2 and LeuOMe-HCI.
Judging from similar preliminary ESI-MS studies, receptor
1 does not bind to amino acid ester hydrochloride unless
complexed by the addition of Cu' cation. However, when the
ditopic receptor 1 is pre-organized by the complexation with
Cu' cation, the conformation and the cavity size are fixed and
binding ability and selectivity are enhanced to recognize the
ammonium part of amino acid ester hydrochloride even in
the presence of large excess of another onium salt, such as
tetrabutylammonium perchlorate. The observed isotopic pattern
of 1.Cu'-LeuOMe agreed very closely with that obtained by
calculation for C5;H¢sNsO,,Fe, Cu,. (Fig. 2b)

The UV-vis spectra of 1-Cu' in acetonitrile binding with
LeuOMe-HCI of varying concentrations are shown in Fig. 3a.
Absorption titration at 280 nm did not provide a linear Benesi—
Hildebrand plot, thus curve fitting was carried out by least
square approximation with nonlinear parameters according to
eqn (1).

AAg = bAe/2K 1 + K, [H], + K,[G],
— {(1+K,[H], + K,[G])* — 4K’ [HL[GL}?] (1)

where b is the optical path length (constant), [H], is the initial
concentration of host molecule (constant), [G], is the initial
concentration of guest molecule, and K, is the association
constant. From the curve fitting, the binding constant was
determined as K, = 1.726 x 10° M. Pratt has reported® that
the association constant of an oxidized ligand and guest cations
(K ) could be calculated according to eqn (2) for cases where
the association constant of neutral ligand, K.y > 10* M1,
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Fig. 3 (a) Absorption titration profiles recorded during stepwise
addition of LeuOMe-HCl to a solution of 1-Cu' in acetonitrile at 25 °C.
(b) The observed A4 at 280 nm (red open circles) and the calculated
curve (red line), where the curve fitting was carried out by least square
approximation with nonlinear parameters according to eqn (1).

When K. Was very small such as K. < 1, there is another
way to determine K, value.”® In the present case, the K, value is
in the range 1 < K, < 10*, there is no straightforward method to
determine the binding constant K, for the interaction between
oxidized ligand (1**-Cu') and LeuOMe-HCL.**

Electrochemical analysis of 1.Cu' and 1.Cu'-AAOMe-HCl

Fig. 4 shows the cyclic voltmmograms (CVs) of 1.Cu' in
acetonitrile containing 0.1 M TBAP. The CV curve for ferrocene
moiety of 1.Cu' (Fig. 4a) was characterized by a reversible one
electron redox wave corresponding to the ferrocene/ferricinium
redox couple with a half wave potential E,,, = 726 mV with
peak separation AE = 61 mV and the ratio of peak currents was
approximately unity. The irreversible reduction peaks located
at 4 and —700 mV corresponded to Cu'/Cu" and Cu’/Cu',
respectively. The irreversibility of Cu'/Cu" and Cu’/Cu' redox
processes are explained on the assumption that a copper atom
is released from the complex by the reduction of Cu' to Cu®
(the second irreversible peak at about —700 mV) and as a result,
two pendant arms are moving apart from each other to show
the 1,3'-substitution of ferrocene group.?® This hypothesis was
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Fig. 4 Cyclic voltammograms of (a) complex 1-Cu' and (b) ditopic
complex 1-Cu'-LeuOMe (after addition of 1 equiv. of LeuOMe-HCI) in
acetonitrile. Scan rate = 100 mV s™'.
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Table 1 Cyclic voltammetric data for receptor 1, complex 1-Cu' and
their amino acid ester salt complexes

Compounds Fc/Fc*e Cu'/Cu' “
1 696 (58)

1.Cu' 726 (61) 77 (104)
1-Cu' + Gly-OMe-HCl 704 (74) 108 (135)
1.Cu' + Ala-OMe-HCI 708 (69) 101 (129)
1.Cu' + Val-OMe-HCl 705 (66) 112 (152)
1-Cu' + Leu-OMe-HCl 700 (68) 94 (120)
1-Cu' + Ile-OMe-HCl 700 (69) 97 (121)
1.Cu' + Thr-OMe-TosOH 703 (67) 107 (135)
1-Cu' + Tle-OMe-TosOH 706 (70) 107 (145)
1.Cu' + Nva-OMe-TosOH 703 (65) 98 (115)

“E\», inmV, vs. Ag/Ag", 333 uM solutions of 1, Cu' and AA-OMe salt
in acetonitrile 0.1 M TBAP; v = 100 mVs™'; anodic to cathodic peak
separations (AE) appear in parentheses, mV. All the experiments were
repeated at least 3 times to get reliable values for E,,, and AE.

supported by the result that the reversible redox wave (77 mV)
was observed when the CV was measured between —400 and
+400 mV (Cu'/Cu" region; Fig. 4a, inset).

On the contrary, the CV curve for 1-Cu'-LeuOMe-HCl exhib-
ited two sets of reversible redox waves located at 700 mV (AE =
68 mV) and 94 mV (AE = 120 mV) which corresponded to the
ferrocene/ferricinium and Cu'/Cu" redox couples, respectively.
(Fig. 4b) This means that after the reduction from Cu' to Cu’
in 1-Cu'-LeuOMe-HCI, the conformation of two pendant arms
are still 1,1'- or 1,2'-substitution® owing to the binding of amino
acid salt to the oligoethylene glycol cavity, which prevents the
two side chains from going apart from each other. When other
amino acid ester salts were added to the complex 1-Cu', similar
CV responses were observed. Their electrochemical data are
summarized in Table 1.

The complexation between ferrocene-based ligands and
cations usually leads to a positive shift of the fer-
rocene/ferricinium redox couple,"* which is in line with the
electrostatic repulsion and makes the removal of electrons more
difficult than for ferrocene-based ligand itself. Contrary to
these findings, the ferrocene/ferricinium redox couple of present
receptor 1-Cu' exhibited slight negative shifts (18-26 mV) by
the complexation with amino acid ester salts as compared
with 1-Cu'. These negative shifts indicate the stabilization of
ferricinium state by 1.74-2.51 kJ mol~'.%® A similar unexpected
negative shift was observed in the complexation between sulfide-
linked ferrocene ionophore and potassium cation.'®® Beer
explained that the origin of this effect may be a redirection of
the lone pairs of the sulfur donor atoms towards the ferrocene
redox center. In the present case, it is presumed that two carbonyl
groups play a similar role, but the detailed mechanism is not clear
at present.

"H NMR and ESR studies of the complexation behavior of 1

We tried to examine the complexation behavior of 1 using 'H
NMR spectroscopy. Fig. 5 shows three spectra of free ligand
1, the complex 1-Cu' and the ditopic complex 1-Cu'-LeuOMe—
HCI. In the spectrum of 1-Cu!, the peaks corresponding to the
bipyridine and oligoethylene glycol units shift downfield and
upfield, respectively. (Fig. 5b) These observations mean that
the complexation between Cu' and the bipyridine units of 1
results in the lowering of the electron density of bipyridine unit
and the conformational change. While the spectrum of the
ditopic complex, 1-Cu'-LeuOMe-HCI exhibits an extremely
broad peak between 7.4 and 9.0 ppm and other peaks are also
broadening to some extent. (Fig. 5c) This type of unusual strong
broadening is usually observed upon addition of paramagnetic
ions. According to the effect of ligands on Cu'/Cu" reduction
potential reported,® a ligand environment that produces a
tetrahedral geometry will stabilize Cu' over Cu" and the presence
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Fig. 5 'H NMR spectra of (a) ligand 1, (b) complex 1-Cu' and
(c) ditopic complex 1-Cu'-LeuOMe in acetonitrile-d;.

of bulky substituents in the Cu" complex distorts the geometry
from planar towards tetrahedral, making it easier to reduce the
copper and raising the potential. Thus, we suppose that the
addition of LeuOMe-HCI leads to the conformational change
of the copper complex from tetrahedral towards planar and this
results in the oxidation of Cu' cation to paramagnetic Cu".

In order to confirm this assumption, ESR measurements
were carried out. The receptor 1-Cu' was ESR silent unless
LeuOMe-HCI was added. On the other hand, the ESR signal
emerged when LeuOMe-HCl was added to the acetonitrile
solution of 1-Cu'. (Fig. 6) There is a close relationship between
the coordination structure and the ESR parameters of the Cu"
complex.?*? In the present case, the obtained parameter g,, =
2.2607 is estimated for the dihedral angle of approximately 60°
between two terminal pyridine rings.*® With this information,
together with the obtained value of 4,, = 1.527 x 102 cm™!, the
coordination structure was the distorted tetrahedral geometry
towards square-planar.

250 300 350
Magnetic field/mT

Fig.6 ESR spectrum of ditopic complex 1-Cu'-LeuOMe in acetonitrile
solution at 77 K.

Conclusions

The complexation with Cu' cation and the recognition of amino
acid ester salts were investigated using novel ferrocene-based
ditopic receptor 1 bearing two oligoethylene glycol arms with
pendant 2,2-bipyridine units at the identical cyclopentadienyl
rings. The receptor 1 and Cu' cation formed a 1 : 1 complex and
an positive shift of the respective ferrocene/ferricinium redox
couple was observed in electrochemical analysis. On the other
hand, the electrochemical analysis of the ditopic complexes,
which were obtained from the mixing of the complex 1-Cu' and
AAOMe-HCI exhibited unexpected negative shifts presumably
owing to the conformational change. Besides the negative shift
of ferrocene/ferricinium redox couple, the oxidation of Cu' to
paramagnetic Cu" occurred simultaneously. This observation





was also explicable in terms of the conformational change
from tetrahedral to square planar induced by the addition
of AAOMe-HCI. The oxidation was confirmed by the strong
broadening of 'H NMR signals and the emergence of ESR
signals assigned as Cu" species. The demonstration of the
detection of ESR active species by the addition of cationic guest
molecule may suggest a new tool for sensing of amino acid ester
salts and other cationic species.

Experimental
General procedures

Most of the reagents and solvents were purchased from Wako
Pure Chemical Industries, Ltd., Tokyo Kasei Kogyo Co. and
Sigma-Aldrich Co. and used without further purification. 1,1'-
Bis(chlorocarbonyl)ferrocene was prepared according to the
literature procedure.”* Products were isolated by column chro-
matography on silica gel (Wakogel C-300) or preparative TLC on
silica gel (Wakkogel B-5F). Melting points were measured on a
Yanagimoto hot stage micro melting point apparatus and are un-
corrected. '"H NMR spectra were recorded on a Varian UNITY
300 spectrometer at 299.94 MHz by using CDCl; or CD;CN
as a solvent and tetramethylsilane as an internal standard and
J values are given in Hz. UV-vis spectra were recorded on
Shimadzu UV-1600PC spectrophotometer. Mass spectra were
measured with a Waters micromassZQ 2000 under the following
ionizing conditions: electrospray, cone voltage 60 V; capillary
voltage 3.50 kV; extractor voltage 4 V; RF lens voltage 0.3 V;
source temperature 150 °C; desolvation temperature 350 °C. All
solution electrochemical measurements were performed with a
630A Volammetric Analyzer (ALS) in anhydrous acetonitrile at
room temperature. Tetrabutylammonium perchlorate was used
as supporting electrolyte (0.1 M in acetonitrile). A Pt disk was
used as a working electrode (diameter 3.0 mm) and a Pt wire
was used as a counter electrode. The Pt disk working electrode
was polished with alumina (0.05 pm) prior to use to remove any
surface contaminants. The reference electrode was a Ag/Ag+
electrode. iR compensation was applied. Backgrounds of the
solvent containing the supporting electrolyte were corrected
before each set of experiments and then subtracted from the
CVs. The experiments were repeated at least 3 times to get
reliable values for E|,,. ESR spectra were obtained usinga JEOL
JES-FA100 ESR spectrometer operating at 100 kHz modulation
frequency at room temperature (25 °C) or at liquid nitrogen
temperature (77 K). Solutions in Biotech grade acetonitrile
(Sigma-Aldrich Co.) were degassed by five freeze/pump/thaw
cycles.

Preparation of 6-bromomethyl-2,2'-dipyridine*

To a solution of 6-methyl-2,2'-dipyridine (0.45 g, 2.66 mmol)
in carbon tetrachloride (15 c¢cm®) was added 1 equiv. of N-
bromosuccinimide (0.47 g, 2.66 mmol) and catalytic amount
of 2,2'-azobis(isobutyronitrile) (30 mg, 0.18 mmol) at room
temperature under nitrogen atmosphere. The mixture was stirred
at reflux temperature for 6 h. The solvent was removed under
vacuum for recycling use and the residue was dissolved in
chloroform (50 cm?). The resulting solution was washed with
water (3 x 50 cm®) and brine (3 x 50 c¢cm?®), then dried over
Na,SO,. The solvent was removed and the residue was purified
by preparative TLC using dichloromethane-acetone = 50 : 1
mixed solvent as an eluent to give the title compound as a
pale yellow crystal (0.35 g, 53% yield), mp 65-66 °C; '"H NMR
(CDCl;, 300 MHz) 6 4.62 (s, 2H, benzyl-CH,), 7.30 (ddd, J =
1.2,4.38,7.5, 1H, ArH), 7.45 (dd, J = 0.9, 7.8, 1H, ArH), 7.80
(t, J =178, 2H, ArH), 8.30 (dd, J = 0.9, 7.8, 1H, ArH), 8.43
(td, J=1.2,8.1, 1H, ArH) and 8.65 (ddd, / = 0.9, 1.8, 4.8, 1H,
ArH); m/z (ESI) 249 (M* + H, 100%), 251 (M* + H, 99), 271
(M* + Na, 31) and 273 (M* + Na, 30).

Preparation of 10-(2',2"-bipyridin-6'-yl)-3,6,9-trioxadecan-1-oI**

The mixture of 6-bromomethyl-2,2-dipyridine (0.277 g, 1.12
mmol), triethylene glycol (1.5 cm?, 11.2 mmol) and potassium
hydroxide (0.088 g, 1.57 mmol) in 1,4-dioxane (distilled over cal-
cium hydride, 8 cm?) was refluxed for 13 h under nitrogen. After
the removal of solvent, the residue was purified by silica gel col-
umn chromatography (chloroform—methanol-triethylamine =
100 : 5: 1) to give the title compound as a yellow oil (0.336 g,
95% yield); '"H NMR (CDCl;, 300 MHz) ¢ 3.60-3.63 (m, 2H,
CH,),3.70-3.80 (m, 10H, CH,), 7.29 (ddd, J = 1.2,4.8,7.2, 1H,
ArH), 749 (dd, J = 1.2, 7.8, 1H, ArH), 7.80 (dt, J = 1.8, 7.8,
1H, ArH), 7.81 (t, J = 7.8, 1H, ArH), 8.25 (dd, / = 0.9, 7.8,
IH, ArH), 8.37 (td, J = 1.2, 8.1, 1H, ArH) and 8.65 (ddd, J =
0.9, 1.8, 4.8, IH, ArH); m/z (ESI) 319 (M* + H, 100).

Preparation of bis 10-[2,5,8-trioxa-1-(2',2"-bipyridin-6'-yl)]decyl
ferrocene-1717,17117-dicarboxylate (1)

The solution of 1,1’-(bischlorocarbonyl)ferrocene (0.118 g,
0.38 mmol) and 10-(2',2"-bipyridin-6'-yl)-3,6,9-trioxadecan-1-
ol (0.242 g, 0.78 mmol) in dichloromethane (distilled over
Drierite®, 4 cm?®) was stirred at reflux temperature for 39 h. The
solvent was removed under vacuum and the residue was purified
by silica gel column chromatography (chloroform-methanol-
triethylamine = 100 : 5 : 1) to give the title compound 1 in
excellent yield as a brown oil (0.323 g, 97% yield); '"H NMR
(CDCl;, 300 MHz) 6 3.67-3.81 (m, 20H, CH,), 4.36-4.40 (m,
8H, CH,), 4.75 (s, 4H, benzyl-CH,), 4.83(t, ] = 2.1, 4H, ¢p) 7.28
(ddd, J = 1.2, 4.8, 7.2, 2H, ArH), 7.47 (dd, J = 0.6, 7.5, 2H,
ArH),7.75-7.82 (m, 4H, ArH), 8.24 (d, J =8.1,2H, ArH), 8.36
(td,J =1.2,7.8,2H, ArH) and 8.65 (ddd, / = 0.9, 1.8, 4.8, 2H,
ArH); m/z (ESI) 875 (M* + H, 100) and 897 (M* + Na, 38).

Preparation of reference compound (2), bis
(3,6,9-trioxadecyl)-1,1'-ferrocene dicarboxylate

To a solution of 1,1’-bis(chlorocarbonyl)ferrocene (0.117 g, 0.38
mmol) in dichloromethane (distilled over Drierite®, 4 cm?®) was
added triethylene glycol monomethyl ether (0.130 cm?®, 0.84
mmol). The mixture was stirred at reflux temperature for 38 h.
The solvent was removed and the residue was purified by silica
gel column chromatography using chloroform-methanol = 13 :
1 as eluent to obtain compound 2 as a brownish-yellow oil
(0.206 g, 92% yield); '"H NMR (CDCl;, 300 MHz) J 3.36 (s,
6H, CH;), 3.52-3.55 (m, 4H, CH,), 3.62-3.74 (m, 12H, CH,),
3.77-3.81 (m, 4H, CH,), 4.36-4.39 (m, 4H, CH,), 4.42 (t, J =
1.8, 4H, ¢p) and 4.85 (t, J = 1.8, 4H, ¢p); m/z (ESI) 589 (M* +
Na, 100).

Preparation of the receptor 1-Cu'

For CV and ESR studies, equal volumes of equimolar solutions
(1 mM) of 1 and tetrakis(acetonitrile)copper' hexafluorophos-
phate in Biotech grade acetonitrile in the presence or absence
of supporting electrolyte were mixed at room temperature. For
NMR spectroscopy, CD;CN was used instead. The color of the
solution immediately turned yellow. Judging from TLC analysis,
yield was quantitative.'HNMR (CD;CN, 300 MHz) 6 3.20-3.23
(m,4H, CH,), 3.30-3.33 (m, 4H, CH,), 3.41-3.46 (m, 4H, CH,),
3.51-3.54 (m, 4H, CH,), 3.67-3.72 (m, 4H, CH,), 4.21 (s, 4H,
benzyl-CH,), 4.26-4.29 (m, 4H, CH,), 4.41 (t, J = 1.8, 4H, ¢p),
4.72 (t, J = 1.8,4H, ¢p), 7.55(dd, J = 5.4, 7.2, 2H, ArH), 7.71
(d, J =7.5, 2H, ArH), 8.08-8.14 (m, 4H, ArH), 833 (d, J =
8.1,2H, ArH), 8.42(d,J = 7.8, 2H, ArH) and 8.45 (d, J = 4.8,
2H, ArH); m/z (ESI) 937 (M*, 100), 938 (56), 939 (58), 940 (31)
and 941 (10).

Preparation of ditopic complex 1-Cu'-amino acid ester salt

To a solution of 1.Cu' in acetonitrile was added the solution
of amino acid ester salt in acetonitrile. The mixed solution was
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allowed to stand for 14 h prior to measurement of UV, CV,
ESI-MS, '"H NMR and ESR spectra. 'H NMR (CD;CN, 300
MHz) ¢ 3.2-3.9 (br, 24H, CH,), 3.70 (brs, 3H, LeuOCH,;), 4.27
(brs, 4H, benzyl-CH,), 4.43 (brs, 4H, cp), 4.72 (brs, 4H, cp) and
7.4-9.2 (br, 14H, ArH); m/z (ESI) 1082 (M*-HCI, 5, base beak;
937 (1-Cu)).

Acknowledgements

This work was partially supported by Grants-in-Aid for Scien-
tific Research from the Ministry of Education, Science, Sport
and Culture, Japan.

References

1 T. Saji, Chem. Lett., 1986, 275.

2 P. D. Beer, J. P. Danks, D. Hesek and J. F. McAleer, J Chem. Soc.,
Chem. Commun., 1993, 1735.

3 J. C. Medina, T. T. Goodnow, M. T. Rojas, J. L. Atwood, B. C. Lynn,
A. E. Kaifer and G. W. Gokel, J. Am. Chem. Soc., 1992, 114, 10583.

4 P. D. Beer, Z. Chen and M. 1. Ogden, J. Chem. Soc., Faraday Trans.,
1995, 91, 295.

5 P. D. Beer, D. B. Crowe, M. 1. Ogden, M. G. B. Drew and B. Main,
J. Chem. Soc., Dalton Trans., 1993, 2107.

6 H. Plenio and C. Aberle, Chem. Commun., 1998, 2697.

7 P. D. Beer, F. Szemes, V. Balzani, C. M. Sala, M. G. B. Drew, S. W.
Dent and M. Maestri, J. Am. Chem. Soc., 1997, 119, 11864.

8 P. D. Beer, J. Cadman, J. M. Lloris, R. Martinez-Manez, M. E.
Padilla, T. Paardo, D. K. Smith and J. Soto, J. Chem. Soc., Dalton
Trans., 1999, 127.

9 A. E. Kaifer, Acc. Chem. Res., 1999, 332, 62.

10 P. D. Beer, P. A. Gale and G. Z. Chen, J. Chem. Soc., Dalton Trans.,
1999, 1897.

11 J. H. R. Tucker and S. R. Collinson, Chem. Soc. Rev., 2002, 31, 147.

12 P. D. Beer and E. J. Hayes, Coord. Chem. Rev., 2003, 240, 167.

13 P. D. Beer and D. K. Smith, J. Chem. Soc., Dalton Trans., 1998, 417.

4064

Org. Biomol. Chem., 2005, 3, 4060-4064

14 P. Debroy, M. Banerjee, M. Prasad, S. P. Moulik and S. Roy, Org.
Lett., 2005, 7, 403.

15 A. Caballero, A. Tarraga, M. D. Velasco, A. Espinosa and P. Molina,
Org. Lett., 2005,7, 3171.

16 M. Buda, J.-C. Moutet, E. Saint-Aman, A. De Cian, J. Fisher and
R. Ziessel, Inorg. Chem., 1998, 37, 4146.

17 A.Ion, M. Buda, J.-C. Moutet, E. Saint-Aman, G. Royal, I. Gautier-
Luneau, M. Bonin and R. Ziessel, Eur. J. Inorg. Chem., 2002, 1357.

18 A. Harriman, R. Ziessel, J.-C. Moutet and E. Saint-Aman, Phys.
Chem. Chem. Phys., 2003, 5, 1593.

19 E. C. Constable, in Metals and Ligand Reactivity—An Introduction
to the Organic Chemistry of Metal Complexes, VCH Publishers, New
York and Weinheim, 1996.

20 J.-M. Lehn, Supramolecular Chemistry—Concepts and Perspectives,
VCH Verlagsgesellschaft, Weinheim, 1995, ch. 9.

21 F. W. Knobloch and W. H. Rauscher, J. Polym. Sci., 1961, 54, 651.

22 M. R. Waterland, A. Flood and K. C. Gordon, J. Chem. Soc., Dalton
Trans., 2000, 121.

23 R. M. Everly and D. R. McMillan, J. Phys. Chem., 1991, 95, 9071.

24 T. Nabeshima, T. Inaba and N. Furukawa, Tetrahedron Lett., 1987,
28, 6211.

25 S. R. Miller, D. A. Gustowski, Z.-H. Chen, G. W. Gokel, L.
Echegoyen and A. E. Kaifer, Anal. Chem., 1988, 60, 2021.

26 F. E. Appoh, T. C. Sutherland and H.-B. Kraatz, J Organomet.
Chem., 2004, 689, 4669.

27 H. Plenio and C. Aberle, Chem.—Eur. J., 2001, 7, 4438.

28 Calculated according to the equation: AAG = — nFAE,,,, where n is
the number of electrons involved in the redox process and F is the
Faraday constant; see: C. Bourgel, A. S. F. Boyd, G. Cooke, H. A. de
Cremires, F. M. A. Duclairoir and V. M. Rotello, Chem. Commun.,
2001, 1954.

29 P. D. Beer, J. P. Danks, D. Hesek and J. F. McAleer, J. Chem. Soc.,
Chem. Commun., 1993, 1735.

30 S. J. Lippard and J. M. Berg, in Principles of Bioinorganic Chemistry,
University Science Books, Mill Valley, Califonia, 1994, pp. 26-28.

31 H. Yokoi and A. W. Addison, Inorg. Chem., 1977, 16, 1341.

32 T. Sawada, K. Fukumaru and H. Sakurai, Chem. Pharm. Bull., 1996,
44, 1009.

33 T. Nabeshima, T. Inaba, N. Furukawa, T. Hosoya and Y. Yano, Inorg.
Chem., 1993, 32, 1407.






DOI:10.1039/b511314h

ARTICLE

Mild and efficient method for the cleavage of benzylidene acetals by

using erbium (111) triflate

Antonio Procopio,*“ Renato Dalpozzo,? Antonio De Nino,? Loredana Maiuolo,” Monica Nardi®

and Giovanni Romeo®

¢ Dipartimento di Scienze Farmaco-Biologiche, Universita della Magna Graecia, Complesso
Nini Barbieri, 88021 Roccelletta di Borgia (Cz), Italy. E-mail: procopio@unicz.it;

Fax: +39-0961-391270; Tel: +39-0961-391095

3q0/610°ISI MMM
040

b Dipartimento di Chimica, Universita della Calabria, Ponte Bucci, cubo 12C, 87036 Arcavacata

di Rende (Cs), Italy

¢ Dipartimento Farmaco-Chimico Universita di Messina, Viale SS. Annunziata, 98168 Messina,

Italy

Received 9th August 2005, Accepted 19th September 2005
First published as an Advance Article on the web 17th October 2005

Er(OTY); is proposed as new efficient Lewis acid catalyst in a mild deprotection protocol of benzylidene derivatives.
In a modified procedure, where acetic anhydride is used as the reaction solvent, the simultaneous cleavage of the
benzylidene acetal and the peracetylation of the substrates is obtained in quantitative yields and very short

reaction times.

Introduction

Chemoselective transformation of multifunctional organic com-
pounds still presents a severe challenge for the organic chemists
and the success of a multi-step synthesis very often depends
on efficient manipulation of the functional groups involved.
The selective protection—deprotection of polyhydroxylated sub-
strates is a key step in the chemical synthesis of complex
molecules. Numerous methods and reagents exist for this
purpose, particularly for carbohydrate and natural products
chemistry,! but considerable efforts are still directed towards
developing efficient, selective, mild and environmentally-friendly
systems for both the introduction and cleavage of many existing
protective groups.

Benzylidene acetals, commonly used to protect 1,2- and 1,3-
diols, have the obvious advantage that they can be used to
simultaneously protect two hydroxyl groups and be removed
under neutral conditions by hydrogenolysis or by strong acid
hydrolysis."> Moreover, the benzylidene acetals possess the
useful property that one of the two C-O bonds can be selec-
tively cleaved, with the direction of cleavage depending upon
steric and electronic factors and the nature of the cleavage.*?
For this peculiar versatility the benzylidene acetals find wide
applicability in the synthesis of carbohydrates and natural
products.* Nevertheless, the complete cleavage of benzylidene
acetal suffers limiting drawbacks, since very strong acidic media
[H,SO,, Zn(OTY),, FeCl;, BCl;; SnCl,;* CSA®] or demanding
conditions [H,/Pd-C, AcOH;>" electrolysis; Pd-C, hydrazine;
Pd(OH),, cyclohexane; EtSH; NaHCO;; Na/NH;; I,°] are
required, so some more acid-labile alternatives have been pro-
posed (anisylidene,® methoxybenzylidene,? and 9-anthraldehyde
acetal®).

In recent years, we have spent many efforts developing new cat-
alytic reagents for several strategic steps of organic synthesis with
the aim to lower the environmental impact of the chemistry.'
During our work on epoxide manipulation by means of
Er(OTf);,' we observed the cleavage of the benzylidene group
in methyl 2,3-anhydropyranosides and this result pushed us
to explore the use of erbium(in) trifluoromethanesulfonate as
Lewis acid catalyst in the cleavage of benzylidene acetals. First,
we tested the catalytic activity of Er(OTf); in the deprotection
reaction of cis-1,3-O-benzylidene glycerol 1a at rt in different
solvents and with different mol% of catalyst (Scheme 1).
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Scheme 1

The developing of the reaction was monitored by TLC and
HPLC. No cleavage or only very low yields of deprotected glyc-
erol were obtained in apolar solvents such as dichloromethane,
diethyl ether, chloroform, tetrahydrofuran and toluene (entries
1-5 in Table 1).

Nevertheless, the catalyst showed to be active in aprotic polar
solvents such as acetonitrile and nitromethane (entries 6 and
11 in Table 1), but efficient cleavage was registered only by
improving the amount of catalyst up to 5.0 mol% (entries 7
and 10 in Table 1) indicating acetonitrile and 5.0 mol% of
Er(OTY); at rt as the best reaction conditions. In fact, prolonged
reaction times did not significantly improve the reaction yield
(entry 8 in Table 1), while higher reaction temperature seemed
to produce an equilibrium when only 45% of glycerol is present
(entry 9 in Table 1).

Table 1 Deprotection of cis-1,3-O-benzylidene glycerol (1a) at rt in
different solvents and with different mol% of catalyst

Entry Er(OTf); (mol%)  Solvent Time/min  Yield” (%)
1 1.0 CH,Cl, 30 10
2 1.0 Et,O 30 0
3 1.0 CHCl; 30 20
4 1.0 THF 30 28
5 1.0 Toluene 30 5
6 1.0 CH,CN 30 63
7 5.0 30 90
8 5.0 120 93
9 5.0 30 45b

10 1.0 CH;NO, 30 52

11 5.0 30 73

12 5.0 CH,CN (wet) 30 15

13 5.0 CH;NO, (wet) 30 8

14 5.0 CH;CN (dry) 30 91

15 5.0 CH;NO, (dry) 30 70

“Yield determined by HPLC. ® Reaction conducted under reflux.
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Table 2 Cleavage of benzylidene acetals using 1-5 mol% of Er(OTf); in CH;CN at rt
Entry Substrate Product Time/h Yield (%o)**
1 O HO 2 93¢
1>h~< :>—OH >—OH
lao HO 2a
2 2.5 95
“1OCH;
3 5 78
OPh
4 o HO, 2¢ 81
Ph—( Q 0
Qe QO ) OCH;3 HOmme: Q. «unlOCH4y
1d 2
5 Q0 HQ, 24 90
Ph—<7 0 0
Ot wlOCH; HO M- walOCH,
e %\5 "”/O\\‘\ 2e
6 Ph_<ou..4CO§ HOw.,, CL 24¢-ef 14
O\\“" ; 0 HO\\“' . 0
1f OH OH
2f
7 OH OH 24¢ 55
o .\“/ HO o
Ph
< X
1g oH 2g OH
8 OH OH 24¢ 60
0 HO.
ol >
o ", HO™™ “»,
\
1h OH 2h \OH

“ Unless otherwise specified, isolated yield by flash column chromatography on silica gel was reported. ® Unless otherwise specified, all products were
identified by comparison of their EI-MS and 'H-NMR spectral data with those of authentic compounds and literature reported data." ¢ Yield was
determined by HPLC using the standard addition method. ¢ Only 1 mol% of catalyst was required. ¢ CH;NO, was a better solvent for this substrate.

/Reaction conducted under reflux.

Finally, when dry acetonitrile or nitromethane were used, no
significant improvment of the yields was registered (entries 14
and 15 in Table 1) meanwhile, by adding small amounts of water,
lower yields of product were obtained (entries 12 and 13 in
Table 1).

Based on the results reported in Table 1, in order to explore
the generality and the scope of erbium (1) triflate as a
Lewis acid catalyst in the cleavage of benzylidene acetal, the
reaction was carried out on different substrates such as (+)-
(4,6-O-benzylidene)methyl-o-D-glucopyranoside (1b), (—)-(4,6-
O-benzylidene)phenyl-B-D-glucopyranoside (1c), methyl 2,3-
anhydro-4,6-O-benzyliden-a-D-mannopyranoside (1d), methyl
2,3-anhydro-4,6-O-benzyliden-a-D-allopyranoside (le), 3,4-O-
benzylidene-D-ribonic-d-lactone (1f), (—)-2,3-O-benzylidene-L-
threitol (1g), (+)-2,3-0O-benzylidene-D-threitol (1h). We gener-
ally adopted a simple experimental procedure that involved
stirring the solution of benzylidene protected substrate and 1-5
mol% of Er(OTf); in commercial CH;CN. The reactions carried
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out on substrates reported in Table 2 proceed quickly and with
high yields, and only the 3,4-O-benzylidene-D-ribonic-5-lactone
1f furnished a very scarce yield of deprotected product (in
another reaction solvent and at a higher reaction temperature—
entry 6 in Table 2). This suggests that an equilibrium between
protected—deprotected products is established where probably
insoluble deprotected sugars are subtracted to this equilibrium.

To take advantage from this observation, and in the light
of our previous reports on the use of Er(OTf); as an acy-
lation catalyst,” the original experimental cleavage protocol
was modified by using acetic anhydride as solvent with the
aim to straightforwardly collect the peracetylated products
in high yield and very short reaction times by shifting the
cleavage equilibrium reaction of the benzylidene substrates. In
a very simple experimental procedure, a solution of benzylidene
protected substrate and 5 mol% Er(OTf); in acetic ahydride
was stirred at rt and followed by TLC and GC-MS until the
disappearance of the starting material.





Table 3 One-pot deprotection—acetylation of benzylidene acetals using 5 mol% of Er(OTf), in Ac,O at rt
Entry Substrate Product Time Yield (%)**
1 O AcO 40 min 94

el o on
0] AcOr
la 3a
2 Ph_< & AcOu,,,(l 2h 96
o AcO™™ Y 0
OAc
3f
3 OH OAc 15 min 94
O \/ AcO \“/
Ph
_<O AcO
12 on 3g OAc
4 OH OAc 20 min 95
o AcO
w7 j/
o
1h \OH
5 0 15 min 97
P114< Q
O "OCH3
nd  on
1b
6 0 10h 95
Ph Q
%o"--- WOCH;
wd om
b
7 Y 15 min 96
Ph
wd on
1c
8 0 10 h 95
Ph
wd  on
1c
9 4{70 8 h¢ 98
Ph }\:o
Ot i QCH,
le "”O\‘S

“Unless otherwise specified, the product was obtained pure enough without any other purification steps. * Unless otherwise specified, all products
were identified by comparison of their EI-MS and 'H-NMR spectral data with those of authentic compounds and literature reported data.'® < After

15 min the only product obtained was 3b'.

In every case, the exchange reaction between the benzylidene
and acetyl protecting group took place in very short reac-
tion times with quantitative yields, still using 5 mol% of Er(11r)
triflate as catalyst and without further purification (Table 3).

It is reasonable to retain the simultaneous acetylation of the
former benzylidene product as the key step in shifting the equi-
librium reaction between protected-deprotected substrate. No-
tably, (+)-(4,6-O-benzylidene)methyl-a-D-glucopyranoside 1b
and (—)-(4,6-O-benzylidene)phenyl-p-D-glucopyranoside 1c
gave the 2',3'-acetylated derivatives in very short times and only
in much more prolonged times the completely peracetylated
products are collected (entries 5-8 in Table 3).

The oxirane ring does not stand the reaction conditions, being
more labile than the benzylidene group; in fact in the case of
the methyl 2,3-anhydro-4,6-O-benzyliden-o-D-allopyranoside 1e
the 3b’ was the only product collected after only 15 min of
reaction, whilst after 8 h the whole reagent was transformed in

the peracetylated methyl-o-D glucose 3b (entry 9 in Table 3) as
confirmed by coupling constant Jy, y, = 3.71 in the '"H-NMR
spectrum (3.60 was the value find in the '"H-NMR spectrum of
reference peracetylated methyl-a-D glucose).

Furthermore, the catalyst can be reused several times without
significant loss of activity. After work-up, the aqueous phase
can be evaporated under reduced pressure to furnish the Er(1r)
salt’? as a pale pink solid (85-90% recovered), which can be
recycled after drying overnight over P,Os. The recovered catalyst
was used five times in the simultaneous acylation reaction of
the cis-1,3-O-benzylidene glycerol (1a) maintaining 5.0 mol% of
catalyst and the registered yields were always higher than 90%.

Conclusions

Er(OTY); is one of the cheapest commercially available triflate
lanthanoid derivative, easy to handle and used in true catalytic
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amounts; furthermore, this catalyst can be reused several times
without significant loss of activity. All cleavage reactions are
performed smoothly at rt and almost in neutral conditions,
the solution 0.1 M of Er(OTf), in water is only weakly acidic
(pH ca. 5.9). Moreover, the present method fulfils most of
the 12 Principles of Green Chemistry.™* In fact, erbium is not
toxic, it is used in true catalytic amounts at rt, and can be
recovered and reused after reaction without significant loss of
activity. Finally, the presented protocol permits the simultaneous
transformation of acid-labile protected substrates into base-
labile acetate derivatives in quantitative yields by using an easily-
recoverable non-toxic catalyst, and without further purification
steps, showing very versatile applicability and tangible improve-
ment with respect to the other existing methods.

Experimental

All reactants, catalyst and solvents are commercially available
and were used without purification, except methyl 2,3-anhydro-
4,6-O-benzyliden-o-D-mannopyranoside (1d) and methyl 2,3-
anhydro-4,6-O-benzyliden-o-D-allopyranoside (1e) which were
synthesized following reported procedures.’® 'H- and *C-NMR
spectra were recorded with a Brucker WM 300 instrument at
300 MHz and 75 MHz respectively. Samples were dissolved in
CDCl;. Chemical shifts are given in parts per million (ppm)
from tetramethylsilane as internal standard for 'H- and "“C-
NMR. Coupling constants (J) are given in Hz. The reactions
have been monitored by TLC when possible or with a GC-MS
Shimadzu workstation, constituted by a GC 2010 (provided of
a 30 m-QUADREX 007-5MS capillary column, operating in
“splitless” mode, 1 ml min~' flow of He as carrier gas) and a
2010 quadrupole mass-detector or by HPLC analysis [HP 1100,
Phenomenex Luna NH,, 250 x 4.6 mm, 5 um, RI detector,
1.0 ml min~', H,O, 50 °C].

General procedure for benzylidene cleavage

Er(OTf); (50 umol, 5 mol%) was added at rt to a magnetically
stirred solution of benzylidene derivative 1a-h (1.0 mmol) in
CH;CN (4.0 mL). The reaction course was followed by TLC or
HPLC analysis until disappearance of the starting material or
to invariance of starting material : product ratio. Crude reaction
mixture was poured into water and extracted with organic sol-
vent. This organic layer was dried over anhydrous Na,SO, and
evaporated under reduced pressure. Unless otherwise specified,
all products were identified by comparison of their EI-MS and
"H NMR spectral data with those of authentic compounds and
literature reported data.™

Methyl 2,3-anhydro-o-D-mannopyranoside (2d). '"H-NMR
(CDCly): 6 = 4.89 (s, 1H, H,); 6 = 3.86 (d, 1H, H,, Jyuns =
9.19); 6 = 3.78 (dd, 2H, He, Jusng = 3.98; Jy, u, = 3.43);6 =
3.51 (m, 1H, Hs); 6 = 3.46 (s, 3H, OMe); 6 = 3.32 (d, 1H, H,,
Jwrm = 3.70); 0 = 3.13 (d, 1H, H;, Jus wo = 3.70).

Anal. calcd for C;H,05: C 47.73; H 6.82; found: C 47.70; H
6.87.

General procedure for simultaneous peracetylation

Er(OTf); (50 umol, 5 mol%) was added at rt to a magnetically
stirred solution of benzylidene derivative 1a-h (1.0 mmol) in
acetic anhydride (1.0 mL). The reaction course was followed
by TLC or HPLC analysis until disappearance of the start-
ing material or to invariance of starting material : product
ratio. Crude reaction mixture was poured into water and
extracted with organic solvent. This organic layer was dried
over anhydrous Na,SO, and evaporated under reduced pressure
giving the product pure enough without any other purification
steps. Unless otherwise specified, all products were identified
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by comparison of their EI-MS and 'H NMR spectral data
with those of authentic compounds and literature reported
data.

Methyl 2,3,4,6-tetraacetyl-o-D-glucopyranoside (3b). 'H-
NMR (CDCl;): 6 = 1.57 (s, 3H, OAc); 0 = 1.75 (s, 3H, OAc);
0 =1.99 (s, 3H, OAc); § = 2.45 (s, 3H, OAc); 6 = 3.38 (s, 3H,
OMe); 6 = 3.95 (ddd, 1H, Hj, Jyusus = 10.29; Jyspe = 4.50;
Jusue = 2.20); 0 = 4.05 (dd, 1H, Hy, Jugne = 12.30; Jpg s =
2.20); 0 = 4.25 (dd, 1H, Hy, Juener = 12.30; Jyeus = 4.50); 0 =
4.47(dd, 1H, Hy, Jyo 0 = 3.71; J 3 = 10.02); 6 = 4.87 (d, 1H,
H,, Juim = 3.71); 0 = 5.43 (t, 1H, H,).

Anal. calcd for C;sH»,O,,: C49.72; H 6.08; found: C 49.70; H
6.07.

Methyl-4,6- O-benzylidene-2,3,-diacetyl-a-D-glucopyranoside
@(3b). 'H-NMR (CDCl): 6 = 1.80 (s, 3H, OAc); 6 = 2.05 (s,
3H, OAc); 0 = 3.37 (s, 3H, OAc); 0 = 3.56 (t, 1H, H,); 6 = 3.73
(1H, t, Hy, Juen¢ = Juens 10.29);0 = 3.90 (dt, 1H, Hs, Jys ¢ =
4.80); 6 = 4.30 (dd, 1H, Hg, Juene = 10.15; Jye s = 4.80); 0 =
4.55(dd, 1H, H, Jyp 3 = 9.74; Jypn = 3.57); 0 = 4.85 (d, 1H,
H,); 6 =5.45(d, 1H, H,); 06 = 5.55 (t, 1H, H;); 0 = 7.25-7.45
(m, 3H, Ar); 0 = 7.80 (d, 2H, Ar).

Anal. calced for C3H,,O4: C 59.02; H 6.01; found: C 59.07; H
6.07.
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The kinetics of methanolysis of six O-ethyl O-aryl methylphosphonates (6a—f) promoted by methoxide, La** and
1,5,9-triazacyclododecane complex of Zn**(~OCH,;) (5:Zn**(~OCH5;)) were studied as simulants for chemical warfare
(CW) agents, and analyzed through the use of Bronsted plots. The f,, values are, respectively, —0.76, —1.26 and
—1.06, pointing to significant weakening of the P-OAr bond in the transition state. For the metal-catalyzed reactions
the data are consistent with a concerted process where the P-OAr bond rupture has progressed to the extent of 84%
in the La** reaction and ca. 70% in the Zn?* catalyzed reaction. The catalysis afforded by the metal ions is
remarkable, being about 10°-fold and 103-fold for poor and good leaving groups, respectively, relative to the
background reactions at :pH 9.1. Solvent deuterium kinetic isotope studies for two of the substrates promoted by
5:Zn*(OCH,) give ky;/kp = 1.0 £ 0.1, consistent with a nucleophilic mechanism. A unified mechanism for the
metal-catalyzed reactions is presented which involves pre-equilibrium coordination of the substrate to the metal ion

followed by intramolecular delivery of a coordinated methoxide.

Introduction

Phosphonoflouridate esters such as soman and sarin (1 (GD),
2 (GB)) as well as phosphonothioate esters such as VX and
Russian VX (3, 4) are extremely effective acetylcholinesterase
inhibitors and have nefarious notoriety as chemical warfare
(CW) agents.! Due to their toxicity, and the 1992 Chemical
Weapons Convention Treaty? that requires destruction of CW
stockpiles by the signatory nations by 2007, considerable effort
has been directed at developing methods for destruction of these
and related organophosphorus (OP) materials."* In addition
to the required large-scale destruction of these (estimated
to be several tens of thousands of tons), recent geopolitical
events have hastened military and civilian initiatives to develop
effective decontamination methods for the removal of smaller
amounts of materials from surfaces and equipment.* Although
some effective methods are available, none is applicable to all
situations or classes of compounds thus spurring research into
alternative methods for their destruction.

i I

(CH3)ZCHCHOI|=|’—F (CHg),CHOP—F

CH; CHjg CHj

1 2

o
(CH3),CHCH,0—P——SCH,CH,N(Et),
EtO— P—SCH,CH,N(CH(CHa),),
4 CHs
CH; 3

Numerous reports have appeared concerning the metal-
catalyzed hydrolyses of neutral phosphate triesters® and a lesser
number concerning phosphonate diesters.® While it may be
considered by some that hydrolytic media are convenient for
the reactions of noxious substrates, any acceptable process

o2

§ considered for large scale application requires cleaning of the
= hydrolysate before returning it to the biosphere, a non-trivial
< task that spurs research into alternative methodologies. Previ-
3

S

g + Electronic supplementary information (ESI) available: physical char-
&  acterisation data. See http:/dx.doi.org/10.1039/b511550g
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ous work from our laboratories showed that metal-catalyzed
alcoholysis is very effective for the catalytic decomposition of
phosphate and phosphorothioate triesters, converting these into
non-toxic methoxy esters.” The most effective metal ions are La**
and the Zn** and Cu** complexes of 1,5,9-triazacyclododecane
(5), all of which are active when bound with one eq. of methoxide
per metal.® More recently we have shown that a dimethyl-
benzyl amine palladacycle is very effective in promoting the
methanolytic decomposition of some P=S-containing pesticides
although the palladium based catalysts are not effective for
promoting the methanolysis of P=0 based OP materials.’

The alcoholysis process offers some advantages over hydrol-
ysis of these particularly noxious materials. We have found that
the metal-catalyzed reactions are very much faster in methanol
than they are in water, presumably due to a medium effect which
we speculate to involve better pre-equilibrium binding of the
substrate and metal ion and an enhanced rate of intramolecular
delivery of the methoxide nucleophile.” Second, the OP materials
are far more soluble in the lower polarity alcohol medium than in
water which obviates the use of cosolvents or micellar conditions
as is often required for OP decomposition in aqueous media.
Third, the reactions occur in mild conditions of essentially
neutral pH'>" and ambient temperature. Fourth, the products
of the reactions are relatively innocuous phosphate triesters
which, if necessary for large scale, can be safely disposed of
by conventional burning along with the solvent. Finally, the
P-containing products of alcoholysis are neutral phosphorus
esters which are non-inhibitory to the reaction,” while those
from hydrolysis are phosphoric acids which can dissociate to
form anionic materials which bind to the metal ion and thereby
inhibit the catalysis.”

In this report we extend the methanolysis study to La** and
5:Zn* (~OCH,;) promoted methanolysis of a series of O-ethyl O-
aryl methylphosphonates 6a—f, these being of the same general
class as the phosphonofluoridate CW agents. Both catalysts are
shown to be very effective for this type of OP material, such that
a solution containing 1 mmol dm= of the La**-catalyst provides
about 10%-fold acceleration of the methanolysis of 6a relative to
the background reaction at essentially neutral pH and ambient
temperature.

This journal is © The Royal Society of Chemistry 2005
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6 a Ar = (4-C1-2-NO,)phenyl
|| b Ar = (4-NOy)phenyl
¢ Ar = (3-NO,)phenyl
d Ar = (4-Cl)phenyl
CHs e Ar = phenyl
f Ar = (4-OCHj)phenyl

EtO/P—OAr

Experimental
(a) Materials

3-Nitrophenol (99%), 4-chlorophenol (99+%), 4-chloro-2-nitro-
phenol (98%), 4-methoxyphenol (99%), sodium 4-nitrophen-
oxide (~90%), phenol (99+%), methylphosphonic dichloride
(98%) and triethylamine (99.5%) were obtained from Aldrich
and used without further purification.

Caution: phosphonates 6 are all acetylcholinesterase inhibitors.
These, and the methyl phosphonic dichloride precursor, should be
synthesized and used with due attention to safety protocols.

Ethyl methylphosphonochloridoate (C;H;C1O,P)"

To a 500 mL three-necked round-bottom flask equipped with
a magnetic stirring bar and a condenser was added 5.62 g of
methylphosphonic dichloride. With use of an addition funnel,
100 mL of toluene (dried over Na) was added under argon,
followed by a solution comprising 2.5 mL of absolute ethanol,
7.0 mL of triethyl amine and 30 mL of dry toluene while the
contents of the flask were stirred in an ice bath. This reaction was
left to stir for 1 h under the described conditions after which the
temperature was raised to 40 °C and the contents were allowed
to stir for 2 h. After 2 h, the salt (HNEt;Cl) was filtered away and
the filtrate was evaporated to give a crude yield of 43.7%. This
material was immediately used for the subsequent preparations.

General route for the preparation of O-ethyl O-aryl
methylphosphonates (6)"

To 100 mg of the sodium salt of the desired phenol suspended
in 5 mL of toluene (dried over Na) was added 1 eq. of ethyl
methylphosphonochloridate (from above) dissolved in 2 mL
of dry toluene. The mixture was heated to reflux under an
argon atmosphere for 1 h, cooled to room temperature and then
filtered through glass wool packed into a Pasteur pipette. The
filtrate was stripped of solvent via rotary evaporation and the
residue was dissolved in 1 mL of dichloromethane and mixed
with silica for dry loading for flash column chromatography.
The dichloromethane was evaporated and the silica coated with
product was loaded onto a Biotage flash silica column (12 +
M, KP-SIL, 12 x 150 mm, 40-63 pm, 60 A) and purified
with a Biotage SP1 HPFC Purification System with an elution
profile based on a TLC separation using 50 : 50 hexanes—ethyl
acetate.

The solvent from the final product was evaporated using
rotary evaporation and then the compound was placed under
vacuum pump aspiration for several hours prior to use. All ma-
terials were characterized by 'H and *'P NMR and exact mass.
The analytical data are given in the electronic supplementary
information.

(b) General UV-vis kinetics

The following materials were used to make stock solutions:
sodium methoxide (0.5 mol dm~?), 1, 5, 9-triazacyclododecane
(97%), tetrabutylammonium hydroxide (1.0 mol dm™),
La(OTf); (99.999%), anhydrous methanol (99.8%) and N-
ethylmorpholine (99%), all being obtained from Aldrich and
used as received. Zn(OTY), (98%) was purchased from Strem
Chemical and Cu(OTf), (98%) was obtained from Acros Organ-
ics. Methanol-d, was purchased from Aldrich (99 atom%) and
used as received.

Stock solutions of phosphonates 6 were formulated between 5
and 10 mmol dm~? in anhydrous methanol. La(OTf);, tetrabuty-
lammonium hydroxide, Zn(OTf),, 1,5,9-triazacyclododecane
and Cu(OTY), stock solutions were made to a concentration
of 50 mmol dm™ in anhydrous methanol.

Kinetic determinations were done by UV-vis spectropho-
tometry as reported in our earlier publications, as were pH
measurements.” Each kinetic run using Zn** consisted of for-
mulating the 5:Zn*(~OCH,) catalyst in situ by adding mea-
sured amounts of the Zn(OTY),, 1,5,9-triazacyclododecane and
tetrabutylammonium hydroxide stock solutions to anhydrous
methanol to form a final volume of 2.5 mL. The ratios of the
components of the catalyst were 1 : 1 : 0.5, respectively, to self-
buffer the mixtures at SpH 9.1. Kinetic runs using Cu** were
prepared in the same manner and self-buffered at :pH 8.75.
Final 5:M?* concentrations in the kinetic runs ranged from 0.2
to 1.2 mmol dm, while the O-ethyl O-aryl methylphosphonate
concentrations ranged from 0.5 to 2 x 10~* mol dm~3. The water
content in the methanol resulting from the stock solutions was
not more than 0.1%.

For the solvent deuterium kinetic isotope effect studies, the
solutions were made exactly as for the protiated methanol
kinetics, except that the medium was 99% d,-methanol and to
preserve consistency the stock solutions were the same ones used
for the protiated methanol determinations. For these kinetics, the
maximum amount of protium is 8% depending on the [5:M**].
Although we did not measure the 'pH of the solutions, the
medium is self-buffered at the :pK, in methanol-d, through the
addition of 0.5 eq. of tetrabutylammonium hydroxide.

The kinetics of disappearance of 6a—f or appearance of the
phenol/phenoxide products were monitored at 25 °C in dupli-
cate under pseudo-first order conditions of excess catalyst at 428,
312, 340,290, 277 and 300 nm. Pseudo-first-order rate constants,
ks>, were obtained by fitting the absorbance vs. time data to a
standard first-order exponential model and the second order rate
constants, k,, were obtained as the gradients of the &, vs. [active
catalyst] plots. Reactions were also carried out using buffered
La’* solutions at ‘pH 9.14 and monitored by both UV-vis
spectrometry and stopped-flow spectrometry using an Applied
Photophysics SX-17MV Sequential Stopped-Flow ASVD Spec-
trophotometer. The buffer was prepared using 17 mmol dm™
N-ethylmorpholine and perchloric acid in a 4 : 1 ratio.

Background reactions with methoxide as the active species
were carried out in duplicate using three methoxide concentra-

tions between 0.02 and 0.1 mol dm—3.

(¢) Turnover experiment

To an NMR tube charged with 600 ul of d,-methanol containing
5mmol dm~? of 4-chloro-2-nitrophenyl methylphosphonate (6a)
as well as 17 mmol dm~ N-ethylmorpholine and perchloric
acid in a 4 : 1 ratio was added 6 pl of a 50 mmol dm~ stock
solution of La(OTf); such that the final concentration of La*
was 0.5 mmol dm=. The *P NMR spectrum was recorded
periodically at 25 °C and the disappearance of the starting
material signal at 28.20 ppm monitored as a function of time.
After 20 min the starting material signal was completely replaced
by a peak at 30.69 ppm corresponding to the product O-ethyl
O-methyl methylphosphonate.
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Table 1 Acid dissociation constants and second order rate constants for the various methanolysis reactions of phosphonates 6a—e promoted by

methoxide, La**, 5:Zn%*(~OCHs;) and 5:Cu**(~OCHj;)

Phosphonate pK, *pK, koM /mol dm~ s~ kt*/mol dm s~ K57 OM9 /mol dm3 s~ k5 OM /mol dm 3 s~
6a 632 10.64 1434012119 (2,60 %0.20) x 10¢ S1743(5104£200 2100 & 300

6b 7.14 11.30 2.70 £ 0.02 (1.45+0.03) x 10° 46.8 £ 0.5 243 + 10

6¢c 8.39 12.41 1.44 £ 0.02 (2.60 £ 0.20) x 107 2241 20.8 £0.1

6d 9.38 13.59 0.118 £ 0.001 3.97 +£0.03 0.45+0.01 N.a.

6e 10.00 14.33 0.0217 £+ 0.0003 4.0+£0.1) x 107! 0.072 £ 0.002 N.a.

6f 10.20 14.70 0.008 4 £ 0.0001 (1.40£0.02) x 10! 0.014 4+ 0.002 N.a.

“In DOCH;, determined at a 5 : Zn** : “OCH, ratioof 1:1:0.5.

Results

Given in Table 1 are the second order rate constants for the
methanolysis of 6a—f promoted by “OCH;3;, La**, 5:Zn**(~OCHj)
and, for three examples, 5:Cu**(~OCH,;). The limited number
of data with the Cu** complex was a consequence of its
being highly absorbing such that only those substrates with
nitrophenoxy leaving groups (6a—c) could be monitored by UV-
vis kinetics. The second order kinetic terms were determined
from the gradients of the plots of k., vs. [methoxide] or
[metal**]ow. For 5:Zn’* and 5:Cu®* the solutions were self
buffered at }pH 9.1 and 8.75 through half neutralization of the
catalyst ([5:M?**(~OCH,;)]/[5:M*(HOCHj;)] = 1). Since earlier
work showed that the catalytic activity was entirely due to the
methoxide form, 5:Zn**(~OCH;),” or 5:Cu**(-OCH;),” the
K57OM and kM values reported in Table 1 were calculated
based on half the added metal ion being in the active form.
La’**catalysis for all substrates was determined by observing
the ko vs. [La** ] in @ 17 mmol dm= N-ethylmorpholine
buffer at an *pH value of 9.14 which is the value where the
rate maximum for La** catalysis of phosphate esters occurs.”?
Also given in Table 1 are the :pK, values for the phenols which
are experimentally determined'®' or can be calculated from
their water values by the linear regression given in reference 115
(pKM" = 1.12pK™° + 3.56).

In Fig. 1 are presented Bronsted plots of the second order
rate constants for methoxide, La** and 5:M?*(~OCH;) catalyzed
methanolysis of the phosphonates with the linear regressions
presented in eqn (1) to (4).

log koM = (9.24 4 0.81) — (0.76 = 0.06) *pKHoA;
> = 0.9896, 6 data (1)

log kb = (17.78 = 0.84) — (1.26 & 0.06) pKHor;
= 0.9716, 6 data ?2)

log K57"M = (14.04 £ 1.17) — (1.06 & 0.09) *pK 1o
r* =0.9734, 6 data (3)

log &5°UOM) = (15.10 + 1.39) — (1.12 4 0.12) *pKHor (4)

5.0
o
©
E 2.5-
o
©
E
X 0.0
o
L
-2.5 T T T T v
10 1" 12 13 14 15

SpK, phenol

Fig.1 Bronsted plots of the second order rate constants for methoxide
and metal ion catalyzed methanolysis of 6a—e at 25 °C. (La**(~OCHs;)),
(4), 5:Cu**("OCH,) (0), 5:Zn**(OCH;) (), “OCHj; (V).
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In Fig. 2 are alternative presentations of the data where the La*
or 5:M*(~OCH;) rate constants for methanolysis of 6a—f are
plotted vs. the methoxide rate constants. The linear regressions
for these are given in eqn (5), (6) and (7) with the latter line
having rather large error limits due to it being defined only by
three points.

log ki = (1.65 = 0.07) log k¢ + (2.36 & 0.06);
= 0.9923, 6 data )

log k370N — (1.40 4 0.03) log k9™ + (1.08 = 0.04);
r* = 0.9981, 6 data (6)

log K3COM9 = (1.86 + 0.56) log k¢ + (1.26 +0.40)  (7)

o
=)
;

N
(3]
i

o
o
i

q
N
J1

Iog kzLa, Zn or Cu (m0|-1 dm3 s-1)

log k,°M¢ (morl! dm® s°)

Fig. 2 Plots of log A" wvs. log &M, (La**("OCH,)), (O,
5:Zn**(“OCHj;) (O), 5:Cu**(“OCHj;) (V).

In order to confirm that the system was truly catalytic, a *'P
NMR experiment in d,-methanol containing 5 mmol dm~ of
6a along with 0.5 mmol dm~* La*" buffered with 17 mmol dm™3
NEM was performed. After the first five minutes of data
acquisition (128 scans), the reaction had progressed to the
extent of at least 10 turnovers per catalyst based on the *'P
signals for starting material at 28.20 ppm and O-ethyl-O-
methylmethylphosphonate product at 30.69 ppm.'

Discussion

In constructing the various Brensted plots for the La’*-catalyzed
processes, we used the second order rate constants obtained as
the gradients of plots of Ak,.,/A[La**] under buffered conditions
with 17 mmol dm~ NEM buffered at :pH 9.14, where the
maximal activity occurs, so the k}* values in Table 1 are
presented per La** ion even though we have determined that
the actual catalytic species are dimers (La**),("OCHj;),;4 the
relative catalytic importance of which depend on the }pH.'*'7 At
this :pH > 90% of the catalysis occurs through La**,("OCH,),.
The phosphonate esters encompass a range of 10* in leaving
group acidity and about 10° in £%* but only about 10° in A9Me.
For the same series of phosphonates, the &5 at 3pH 9.1 span
a range of 3 x 10* fold.





(a) Reaction of methoxide

The Brensted plot for methoxide shown in Fig. 1 provides a
linear correlation with a f,, value of —0.76 & 0.06 (n = 6, r* =
0.9734). This f,, value can be compared with the —0.70 found
for the attack of methoxide on O,O-diethyl O-aryl phosphate
triesters,” values of —0.43 and —0.44 for hydroxide attack
on the same species,’*" as well as —0.66 and —0.79 for the
attack of phenoxide and p-nitrophenoxide respectively on O-
aryl diphenylphosphinates.?® In general, low f,, values observed
with strong nucleophiles on phosphates imply relatively little
cleavage of the aryloxy bond in the transition state and suggest
a two step reaction, where the rate limiting step is attack.
However, as the nucleophile becomes weaker, the f, values
become increasingly negative, signalling a shift in the reaction
mechanism so, if it is two steps, the second (involving the
departure of the leaving group) is rate limiting, or alternatively
the reaction is concerted.'?"**** Buncel and co-workers have
presented evidence that the mechanism can change from con-
certed to stepwise depending on the solvent, citing ethoxide
promoted ethanolysis of (CH;),P(O)-OAr and Ph,P(O)-OAr*
as stepwise in pure ethanol but respectively concerted® or
stepwise® in 90% water—dioxane. Apparently, the increased
basicity of the nucleophile in the less polar solvent has the effect
of enhancing the bond formation relative to the leaving group
departure.

Following the ‘effective charge treatment’ described by
Jencks” and Williams,”® the Brensted f, value of —0.76 for
nucleophilic attack of methoxide on the aryl phosphonates 6
implies a process where the rate-limiting transition state has
appreciable changes in the P-OAr bond. This could be viewed
as resulting from either a two step process with the attack step
largely rate limiting because methoxide is a poorer leaving group
than any of the aryloxy anions® or with a concerted process,
both of which are shown in Scheme 1. The progress of P-OAr
bond breaking in the TS is measured by the Leffler parameter (a)
that relates the Bronsted f,, to the ., for equilibrium transfers
of acyl or phosphoryl groups between oxyanion nucleophiles.
For transfer of the (EtO),P=0 group the f5., value is 1.87" with
the O—Ar oxygen in the starting material having a net effective
charge of +0.87. For transfer of the diphenylphosphinoyl group
((C4Hs),P=0), between oxyanion nucleophilies the f., value
is 1.25* with the O-Ar oxygen in the starting phosphinate
having a net charge of +0.25. The net charge difference on
the O-Ar of phosphates relative to phosphinates is due to the
high net electronegativity of the (EtO),P=0 group relative to
the Ph,P=0O group. Although the f, is not known for the
EtO(CH;)P=0, we predict that its value would be roughly
midway between that of the phosphoryl and phosphinoyl groups,
ca. 1.5 The Leffler parameter of —f,/f,, = 0.50 suggests
that for the methoxide reaction on 6, the P-OAr cleavage is
ca.50% of the way from starting material to product with the
departing aryloxy group having a net charge of —0.26. The other
mechanism for the strongly nucleophilic methoxide shown in
Scheme 1 involves rate-limiting formation of a highly unstable
five-coordinate intermediate and cannot be distinguished from
the concerted process.?

0 07 o =050 ¥ o
. |_-os C é/” OAI CH30 F(/ A-(;
CH;O" + Ha0----R--~--OAr —P + A0
% "Eo—~oar A gy o
Hy,C Bie=—0.76 EtO CHsT EtO 3
charge = -0.26
C|>' j /
CH;0—R—OAr
S ) 0=050
EtO CH,
Scheme 1

(b) La* and 5:Zn**(“OCH;) catalyzed methanolysis

Also given in Fig. 1 are Bronsted plots for the metal-catalyzed
methanolysis of the phosphonates, the f8, values for La’** and
5:Zn**(“OCH,;) being —1.26 £ 0.06 and —1.06 £ 0.09. The value
for 5:Cu**(“OCH;) is —1.12 £ 0.12, but is less well-defined since
it is based only on the three NO,-containing derivatives. These
large negative f3,, values suggest a metal catalyzed process where
there is more cleavage of the leaving group in the transition
state than is the case for the methoxide reaction. For La** and
5:Zn**("OCH;) promoted methanolysis of O,0-diethyl O-aryl
phosphates™ the f3,, values for the La** and Zn?* catalysts are also
large and negative at —1.43 4+ 0.08 and —1.12 + 0.13 which we
interpreted as indicative of an associative process with concerted
displacement of the leaving group: the phosphonate Brensted
data are also consistent with a concerted displacement. The sol-
vent deuterium kinetic isotope effect (dkie) for the methanolysis
of 6a promoted by methoxide and 5:Zn**(~OCH;) in methanol
or DOCH; are, respectively, kp/ky = 1.47 £ 0.08 and 0.99 +
0.05, both cases supporting a nucleophilic mechanism rather
than a general base one. Although a complete analysis of the dkie
values for methanolysis of phosphate, phosphorothioate, phos-
phonate, phosphonothioate and carboxylate esters promoted
by 5:Zn*("OCH,;) will be presented elsewhere,® our available
phosphonate data are consistent with either of two kinetically
equivalent nucleophilic processes, termed internal methoxide
(IM) or external methoxide (EM)* which are presented in eqn
(8), (9), (10) and (11). However, the observed second order
rate constants for the metal-catalyzed reactions, along with a
reasonable value for the equilibrium binding constant, rules out
the EM mechanism since the computed rate constants (k',) for
methoxide attack on the La* and 5:Cu**-bound substrates for
at least one phosphonate (6a) exceeds the diffusion limit of 5 x
10° mol~' dm? 71,353

5 : M**("OCH,) + EtO(CH,)P(= O)-XAr —=

5: M>("OCH,) : EtO(CH,)P(= O)XAr (8)
5:M?*("OCH,) : EtO(CH,)P(= O)XAr —2 P  (9)

5: M?* + EtO(CH,)P(= O)-XAr —2—

5: M>* : EtO(CH,)P(= O)XAr (10)

5: M** : EtO(CH,)P(= O)XAr + "OCH, — " P (11)

The favoured mechanism is thus the IM process of eqn (8)
and (9), for which the derived kinetic expressions are given in
eqn (12) and (13) where f, and f, refer to the Bronsted f,
values for the binding and kinetic steps, and }pK, refers to the
acid dissociation constant for the conjugate acid of the leaving
groups. The experimental Bronsted f,, values

s = Koy = C, C, 100 +030ks (12)

(13)

comprise the influence of the leaving group on the pre-
equilibrium binding step and on the intramolecular kinetic
step (B, + f,). The available literature data®® suggest that S,
should be slightly positive, so the observed negative 8, should
be dominated by f,. The proposed transition states for the
(La*(~OCH,)), and 5:Zn**(OCH,;) catalyzed methanolysis of
the phosphonates are shown in 7 and 8. The Leffler parameter
for the La**-catalyzed process is —f,/f, = 1.26/1.5* = 0.84,

log k5> = {log Cy, + log C\} + (6, + f1):pK,
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so transition state 7 has extensive cleavage of the P-OAr bond.
In the case of the 5:Zn**(~OCH,) catalyzed reaction, a similar
mechanism is envisioned but this time transition structure 8 will
involve five-coordinate Zn** with a Leffler a of 0.7.

CHj

1
\O'—Lg3+ 0=0.84

(c) Comparision of k9™ and k5" or k!*

As in the case of phosphate and phosphorothioate ester
methanolysis,”” we assume here that the mechanism of CH;0-
promoted methanolysis is similar enough for all the phos-
phonate esters with nucleophilic addition being either rate
limiting or concerted with leaving group departure so that the
rate constant, k™, can be used as an empirical measure of
the composite effects of structural changes that incorporate
both electronic and steric effects. Comparison of the La** and
5:M?*(~OCHs) kinetic data in Table 1 with the corresponding
k9Me kinetic data indicates that the metal ion systems are more
effective than methoxide for promoting the methanolysis of
this series of phosphonates, a phenomenon observed before
for the methanolysis of phosphates and phosphorothioates.”*?
The k%*/k9™ ratio varies from 1800-fold for the most reactive
phosphonate 6a tol16-fold the least reactive derivative 6f. Over
the same series, the k3" /k% ratio varies only by 36-fold to
ca. 1.6-fold. Shown in Fig. 2 is a graphical representation the
data plotting log k*, log K579, and log k5™ vs. log kM,
the respective gradients of the lines being 1.65 +0.07,1.40 +0.03
and a less defined 1.86 + 0.56 for the copper complex. The fact
that all of the plots adhere to respectable linearity suggests that
the changes in the leaving group influence both the methoxide
and metal-catalyzed reactions in much the same way, supporting
the idea that both reactions could be concerted, and that neither
process involves a change in mechanism nor rate limiting step
over the series investigated.

It is interesting to speculate as to why these catalysts are more
effective (relative to methoxide) toward substrates with better
leaving groups. Based on the widely held notion that catalysis
in general must result from better stabilization of the TS than
ground state,*® the metal containing systems must preferentially
bind to the ‘dissociated’ or exploded five-coordinate TS as shown
in 7 or 8 relative to the corresponding four-coordinate P=0
substrate. Shown in Fig. 3 is a reaction coordinate diagram®’
for the M**— OCHj; catalyzed reaction where the lower left and
upper right corners represent the starting and final states, and the
upper left and lower right corners represent the M**-complexed
five-coordinate phosphorane intermediate and the M**:0=P* <
+ ~OAr separated state respectively. The left/right axes represent
the nucleophile-P distance as defined by f,./f., while the
upper/lower axes represent the P-leaving group separation as
defined by —p,,/f.. the value of which is 0.7-0.84 in the
present work. Also shown on Fig. 3 is a hypothetical methoxide
concerted reaction (structures with the encircled M** removed)
for which the Leffler index is —f,,/f., = 0.5 in the present case.
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Fig. 3 A reaction coordinate diagram for the metal-methoxide cat-
alyzed methanolysis of phosphonates 6.

RO
EtO(CH;)P(0)-OAr P--OAr distance

Under the assumption that both the reactions are concerted and
thus have the same rate limiting step in the forward and reverse
direction, we can locate the respective transition states for the
methoxide reaction as foq = e — fie = — 1.5; foue = 0.75, fis = —
0.76, and for the metal-catalyzed ones as .. = 0.24-0.44 and
P = — 1.26 to —1.06 for the La** and 5:Zn**(~OCH;) reactions.
Making the leaving group better depresses the right side of the
diagram, forcing the TS in both cases toward starting materials
along the reaction coordinate, and toward the lower right side
perpendicular to the reaction coordinate. The result that the new
TS in both cases is more charge separated with the methoxide—
P distance being less and the P-OAr distance little changed.
The current data do not allow a detailed charge analysis,
but the emerging picture is that the metal ion must stabilize
the exploded, charge separated transition structures, perhaps
through an electrostatic stabilization as has been suggested in
related cases involving metal ion catalysis of the hydrolyses of
anionic phosphorus materials.*®

Conclusion

The above study indicates that La** and 5:M*(-OCH;) cat-
alyzed methanolysis is an effective strategy for the solvolytic
destruction of phosphonates. As far as we are aware, the data
obtained in this study provides the most complete mechanistic
picture of the metal-catalyzed solvolysis reactions of phospho-
nates, which may in turn provide mechanistic information of
relevance to the metal promoted solvolyses of CW G-agents
and spur development of effective methods for destroying these
materials.”> The phosphonates are about 100-fold more reactive
than the corresponding phosphate triesters with the same leaving
groups” toward methanolysis promoted by methoxide, La*
and the 5:Zn**(“OCH,;) systems. Nevertheless, the catalysis we
observe is quite impressive considering that the catalysts are
maximally operative at *pH values near neutrality (8.34) in
methanol. For the most reactive substrate 6a a solution contain-
ing 1 mmol dm~ of catalyst (La*(~OCH,)),, 5:Zn**(~OCHj)
and 5:Cu**(“OCH,;) accelerates the methanolysis relative to
the background methoxide reaction at ‘pH optimum values
of 9.1 and 8.75 by 8.5 x 107-fold, 1.7 x 10°-fold and 1.4 x
107-fold respectively, leading to ¢,,, values of 0.026, 1.33 and
0.33 s, respectively. For the least reactive substrate, 6f, under
the same conditions, a 1 mmol dm= solution of (La**(~OCHS,)),
or 5:Zn**(~OCH;) promote the methanolysis reaction by 7.8 x
10°-fold and 7.8 x 10*-fold relative to the background reaction
at :pH 9.1, giving ¢,,, values of 1.37 and 13.7 h respectively.
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The analysis of the interaction of threose 4-phosphate
and 2-deoxyerythrose 4-phosphate with 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase (DAH7PS) reveals
previously unrecognised mechanistic differences between
the DAH7PS-catalysed reaction and that catalysed by the
closely related enzyme, 3-deoxy-D-manno-octulosonate 8-
phosphate synthase (KDOS8PS).

3-Deoxy-D-arabino-heptulosonate ~ 7-phosphate  synthase
(DAH7PS) and 3-deoxy-D-manno-octulosonate 8-phosphate
synthase (KDOSPS) are two functionally unrelated enzymes
that share many mechanistic and structural features. DAH7PS
(EC 2.5.1.54) catalyses the first committed step of the
shikimate pathway, responsible for the biosynthesis of aromatic
compounds.' This enzyme catalyses an aldol-like condensation
reaction between phosphoenolpyruvate (PEP) and D-erythrose
4-phosphate (E4P) to generate DAH7P and inorganic
phosphate. KDOSPS (EC 2.5.1.55) catalyses an analogous
reaction using D-arabinose 5-phosphate (A5P) in place of E4P,
giving rise to the eight carbon phosphorylated sugar KDO8P
(Fig. 1). This reaction is a key step in the biosynthesis of cell
wall lipopolysaccharide in Gram-negative bacteria.> As both
pathways are found in microorganisms but not in animals, the
enzymes of these pathways have attracted interest as targets for
the development of novel antibiotics.*?

oH OPOg%~ OPOs2
HO - ~0,C_OPO32~ o
o (e} COy KDOS8PS W DAH7PS HSO COy
P, PEP Pi
KDOsP OH L ASP E4P pAH7POH
OH OH OH
2_O3PO\/kNO 2—03PO/\/k70
OH OH
A5P E4P

Fig. 1 KDOSPS and DAH7PS reactions.

Despite low sequence similarity between DAH7PS and
KDOSPS many key mechanistic similarities have been shown.
Both enzymes catalyse the condensation of PEP with a phos-
phorylated aldose by a similar ordered-sequential mechanism
where PEP binds first and phosphate is released last.*> Both
reactions involve the cleavage of the C-O bond of PEP*” and
are highly stereospecific with the si face of PEP coupling with
the re face of their respective sugar substrates.*® Additionally,
X-ray crystal structures of DAH7PSs (from Escherichia coli,
Thermotoga maritima, Pyrococcus furiosus and Saccharomyces
cerevisiae) have been found to be remarkably similar to those of
KDOS8PSs (Aquifex aeolicus, E. coli).***

Based on these similarities the phylogenetic relation-
ship between DAH7PS and KDOSPS has recently received
attention.'*" Two types of DAH7PS have been identified based

1 Electronic supplementary information (ESI) available: Experimental
for the preparation of the aldose phosphate substrate analogues. See
DOI: 10.1039/b511661a
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on molecular mass and sequence.” The type I enzymes are a
broad family of 3-deoxyald-2-ulosonate phosphate synthases
that includes the KDOS8PSs. This group is also divided into two
subfamilies (Lo and 1B)."® Currently only DAH7PSs are known
in subfamily Ia, whereas subfamily I contains both DAH7PSs
(IBp) and KDOSPSs (Ifk). It has been proposed that the ances-
tor of the type I enzymes was a DAH7PS of the I, subfamily.'®!

While the similarities are clear, two key differences in these
enzyme-catalysed reactions have intrigued us. Firstly, whereas
all known DAH7PSs require a divalent metal for catalysis,
both metal-dependent and metal-independent KDOS8PSs have
been characterised.” Recent studies have shown that metal-
dependent KDO8PSs can be converted to metal-independent
enzymes following mutation of the metal-binding Cys to
Asn (the “natural” substitution found in metal-independent
enzymes).??? Secondly, the substrate specificity with respect
to the configuration at C2 of the aldose phosphate substrate
differs; and it has been reported that the C2 epimer of ASP (D-
ribose 5-phosphate, R5P) with E4P-like C2 configuration is not
a substrate for KDOS8PSs from E. coli and A. aeolicus.>**

In this study we have probed these two key differences by
mutation at the metal-binding site of the 1B, enzyme from P. fu-
riosus, and by investigation of D-threose 4-phosphate (T4P), and
2-deoxy-D-erythrose 4-phosphate (2-deoxyE4P) as substrates
for DAH7PS, and R5P and 2-deoxy-D-ribose 5-phosphate (2-
deoxyR5P) as substrates for KDOS8PS. Our analysis illuminates
significant and previously unrecognised differences in the cat-
alytic mechanisms of DAH7PS and KDOSPS.

P. furiosus DAHTPS is the most closely related DAH7PS to
KDOSPS yet characterised.'® Unlike other DAH7PSs (and like
KDOS8PS:s) it is not subject to allosteric inhibition by shikimate
pathway end products, and its structure reveals a basic catalytic
(B/a)s-barrel with no significant extensions.'>* It has also been
shown to be relatively ambiguous with respect to substrate
selection with an expanded ability to accept the five-carbon
phosphorylated sugars A5P and R5P.*S Therefore we chose this
enzyme to investigate the dispensability of metal-dependency
in DAH7PSs. The P. furiosus DAH7PS Cys31Asn mutant was
constructed and purified following established procedures.”®
This enzyme appeared to be identical to wild-type by native
and SDS-PAGE. Comparison of the UV-visible spectrum of
the Cys31Asn mutant in the presence of Cu?* to that obtained
with wild-type enzyme indicated that this mutant enzyme was
unable to bind metal ions.”” In contrast to the observations made
with the equivalent mutations in the metal dependent KDOSPSs
from both Aquifex pyrophilis and A. aeolicus,** the Cys31Asn
mutant of P. furiosus DAHTPS showed no detectable enzymic
activity with or without EDTA or added Mn?*.

T4P was synthesised from D-diethyl tartrate in seven steps
with an overall yield of 25% (Scheme 1). D-Diethyl tartrate was
benzylated and reduced. The resulting diol was then monophos-
phorylated and oxidised using Dess—Martin periodinane, and
the aldehyde functionality was protected as the dimethyl acetal.
Hydrogenolysis and cleavage of the acetal gave rise to T4P. For
the preparation of 2-deoxyE4P (S)-B-hydroxy-y-butyrolactone
was benzylated and then reduced to the lactol (Scheme 2).
Following protection of the aldehyde functionality, the C4
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Scheme 2 Synthesis of 2-deoxyE4P.

hydroxyl group was phosphorylated. Deprotection with H,
over platinum followed by dissolution in water gave 2-deoxyE4P.

T4P and 2-deoxyE4P were tested as an alternative substrate
for DAH7PSs from both E. coli (Ie) and P. furiosus (1Bp).
Both DAH7PSs were able to accept T4P and 2-deoxyE4P as
alternative substrates to E4P (Table 1). Intriguingly, for P
furiosus DAH7PS, 2-deoxyE4P was preferred as a substrate
to the “natural” substrate E4P, and T4P was utilised with
a comparable efficiency. For E. coli DAH7PS a significant
(but similar) increase in the K, value was recorded with
both alternative substrates. For both T4P and 2-deoxyE4P the
seven carbon phosphorylated sugar products of the enzymatic
reactions were isolated and characterised by both NMR and
HRMS and were identified as the expected 3-deoxy-D-lyxo-
heptulosonate 7-phosphate® and 5-deoxyDAH7P? respectively.

Commercially available R5P and 2-deoxyRS5P were tested
as substrates for the KDOSPS from Neisseria meningitidis®
(Table 2). 2-DeoxyR 5P was a poor substrate, and no evidence of
substrate activity was observed for R5P, even at high substrate
and enzyme concentrations. These observations parallel those
made for the KDOSPS from E. coli.2 Neither E4P, T4P or
2-deoxyE4P were able to act as alternative substrates for N.
meningitidis KDOSPS. However, DAH7PS from both E. coli and
P. furiosus were able to utilise the five carbon phosphorylated
sugars ASP, R5P and 2-deoxyR5P.*#32

What then can account for differences in metal requirement
and sugar substrate C2 configuration between DAH7PS and
KDOSPS as detailed in these studies? On one hand, DAH7PSs
appear to show an absolute requirement for metal for catalytic
function, whereas for KDOSPSs the metal-binding is dispens-
able. On the other hand, DAH7PSs show an ambivalence to
sugar substrate C2 configuration, yet KDOS8PSs have a strict
requirement for the correct (and opposite) stereochemistry at
this position.

Careful comparison of the active sites of DAH7PS and
KDOSPS reveals three absolutely conserved substitutions to
residues that interact directly with either PEP or the aldose
phosphate substrate!’®’>** (Fig. 2): an Arg binds the PEP
carboxylate in DAH7PS, whereas Lys is found in KDOSPS;
secondly, an Arg in the PEP phosphate binding site in DAH7PS
is substituted by Phe in KDOS8PS; and, thirdly, in the aldose
phosphate binding site, a Pro to AlaAsn substitution is found
in the absolutely conserved LysProArgThr motif of DAH7PS
(creating an equivalent conserved LysAlaAsnArgSer motif in
KDOSPS). We propose that these latter two differences account
for both the altered substrate specificity and metal requirement
and give rise to different catalytic mechanisms.

Table 1 Kinetic parameters for E4P, T4P and 2-deoxyE4P with DAH7PS

Substrate
DAH7PS Source* E4P T4P 2-DeoxyE4P
E. coli K./uM 39+4 390 £ 13 410+ 40
Keat /87" 26+3 25+£02 25+3
kew/ Kn/s™' pM™! 0.7+0.1 0.006 £ 0.001 0.06 £ 0.01
P, furiosus K,/uM 9+ 1" 21 +1 6+1"
Keat /87" 1.4£0.1" 24+0.1 3.0+£0.1%
kew/Kn/s™' pM™! 0.16 +0.03 0.11 £ 0.01 0.5+0.1
“DAHT7PS from both sources were assayed in accordance with previously reported procedures.'**
Table 2 Kinetic parameters for A5P, RSP and 2-deoxyR 5P with N. meningitidis KDO8SPS
Substrate
AS5P R5P 2-DeoxyR5P
N. meningitidis KDO8PS* K,/uM 12+1 Not a substrate 230 + 20
Kew /57" 2.7+0.6 0.13 +£0.01
kew/Kn/s™' uM™! 0.23 £0.05 0.0006 £ 0.0001

Org. Biomol. Chem., 2005, 3, 4046-4049

4047






(a)

]

3 Lys

LysProArgThr
(b) Y g

o
Arg
/4 HO OH
s

Fig. 2 Comparison of active sites and proposed (partial) reaction
mechanisms for (a) KDOS8PS (4. aeolicus, PDB IFWW?) (b) DAH7PS
(P. furiosus with E4P modelled, PDB 1ZCO"). E4P has been modelled
into this structure based on the observed binding of glycerol 3-phosphate
to S. cerevisite DAHTPS" and the proposed binding of E4P to
T. maritima DAHT7PS."* The key changes discussed in the text are
highlighted in green. Metal and metal ligands are in cyan and PEP
ligands are shown in blue. Substrates, PEP and ASP (or E4P) are shown
in black.

Substitution of positively charged Arg to hydrophobic Phe
in KDOBSPS eliminates a salt bridge to the PEP phosphate that
is found in DAH7PS, and increases the hydrophobicity in the
vicinity of the PEP phosphate group in KDOSPS. Modelling
studies suggest that this allows the aldehyde functionality of
AS5P in KDOSPS to be positioned differently, and PEP to be
bound to KDOSPS in its dianionic rather than the trianion
form. Therefore, in KDOSPS the phosphate moiety of PEP
may hydrogen-bond to the aldehyde oxygen of ASP. The second
key substitution (LysAlaAsnArgSer rather than LysProArgThr)
provides an additional binding contact for A5P ensuring correct
placement of the aldehyde moiety in KDOSPS close to the PEP
phosphate moiety.

The key chemical event in these condensation reactions is
attack by C3 of PEP on the aldehyde group of co-substrate
E4P or A5P. In DAH7PS, structural and modelling studies are
consistent with activation of the aldehyde by the metal'>'* (Lewis
acid catalysis), meaning that the divalent metal plays an essential
and indispensable role. In contrast, for KDOSPS, the metal
(when present) is too far from the aldehyde functionality (~6 A)
to be involved in electrophilic activation,' and activation is by
protonation (Brensted acid catalysis). In KDOSPS, activation
and positioning of the aldehyde moiety is more delicately
choreographed. For KDOSPS the C2 hydroxyl group plays a
critical role, as via coordination to metal or an Asn side chain
(most likely via an intermediate water), the dihedral angle about
the C1-C2 bond of ASP is controlled. Consequently, altering
the configuration of C2 of ASP is catalytically catastrophic.
DAH7PS on the other hand is tolerant to changes in the C2
position, with the P. furiosus accepting T4P or 2-deoxyE4P,
with similar or greater efficiency than the natural substrate. This
alternative placement of the aldehyde moiety means that despite
the different C2 configuration in ASP and E4P, attack by C3 of
PEP on its aldose co-substrate follows the Felkin-Anh model in
both condensation reactions.

For either enzymic reaction, formation of the oxycarbenium
ion intermediate (or transition state) will be followed by the
attack of water on C2 of PEP. A water molecule located on
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the re face of PEP, observed in both DAH7PS and KDOS8PS
structures, is the likely candidate, giving overall (favourable) anti
addition to PEP. Studies with enzyme mutants and substrate
analogues are currently underway to test further these proposed
mechanisms.

It should be noted that the structure of 4. aeolicus KDOSPS
in complex with RSP has also been solved.** Binding of R5P
appeared to disrupt the coordination of a water molecule
proposed at that time to act as the nucleophilic water in
the catalytic mechanism. However, a direct catalytic role for
the divalent metal ion in water activation has been largely
discounted as metal-independent KDOSPS enzymes arise due
to a single Cys to Asn mutation.?* What is clear from these
structures however, is that the carbonyl functionality in R5P
adopts a significantly different orientation, entirely consistent
with our analysis where we predict that appropriate interaction
with the C2 hydroxyl is vital for addition of C3 of PEP to
the carbonyl of ASP. The ability of 2-deoxyR5P to act as an
alternative, yet poor substrate for KDOS8PS noted in this study
and by others® is consistent with a greater likelihood of this
analogue accessing the reactive conformation. Likewise, this
analysis would also appear to account for the recently reported
disparity in behaviour with 3-fluoroPEP* In this study the
existence of significant differences between the PEP subsites of
KDOSPS and DAH7PS have been proposed in order to account
for the different abilities of the enzymes to process the two 3-
fluoroPEP diastereoisomers.

Identification of key mechanistic similarities, the discovery
of metal-dependent KDOSPSs, and phylogenetic analysis has
led to the assumption that a common mechanism applies to
these two related enzyme-catalysed reactions. This present study,
together with a reinterpretation of existing substrate specificity
and structural data, suggests that the evolutionary process that
led to altered substrate specificity also gave rise to different
mechanisms of catalysis. Consequently the divalent metal on
which some KDOS8PSs rely for catalytic activity, plays an
altered and dispensable role in the enzyme-catalysed reaction.
Its presence, however, in some enzymes, albeit as an evolutionary
carry-over, provides further evidence for a common DAH7PS-
like ancestor for this enzyme family.
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We examined the stability and kinetics of folding of the Oxytricha telomeric repeat sequence (G, T,),. Fluorescence
melting experiments show that this intramolecular quadruplex, which is more stable in potassium- than
sodium-containing buffers, shows considerable hysteresis between the melting and annealing profiles, even when
heated at a rate of 0.05 °C min~!. Quantitative analysis of this hysteresis, together with temperature-jump relaxation
experiments show that the dissociation is exceptionally slow with a half-life of about 10 years at 37 °C in the presence
of 50 mM K*. The association reaction has a half-life of a few seconds at 37 °C, but becomes slower at elevated
temperatures consistent with the suggestion that association occurs by a nucleation-zipper mechanism.

Introduction

G-Rich DNA sequences can assemble into four-stranded struc-
tures that are generated by stacks of quartets of G-residues.'™*
These structures are stabilized by monovalent cations (K* >
Na*) which fit within the central core of guanine carbonyls and
can lie between or within the plane of each quartet.>® Inter-
molecular complexes are generated by the association of four
separate DNA molecules’ or by dimerization of molecules that
each contain two G-tracts,® while intramolecular quadruplexes
are formed by folding a single strand of DNA.*'* There has
been considerable interest in these structures as they may be
induced in telomeric repeats, such as (GGGTTA), in humans,
(GGGGTT), in Tetrahymena and (GGGGTTTT), in Oxytricha.

Intramolecular G-quadruplexes can adopt several confor-
mations, which differ in the orientation of the strands.! For
the human sequence a parallel arrangement has been sug-
gested from a crystal structure generated in the presence
of potassium," while NMR studies showed an antiparallel
arrangement in the presence of sodium.* NMR studies have also
shown that the dimeric two-repeat human telomeric sequence
d(TAGGGTTAGGGT) can form both parallel and antiparallel
structures in the presence of potassium,” while CD has been
used to suggest that the human sequence forms a parallel
structure in the presence of potassium.™ In contrast, only an
antiparallel arrangement has been suggested for the Oxytricha
repeat.'>'>'¢ The dimeric Oxytricha telomeric repeat d(G,T,G,)
also forms an antiparallel structure which has been observed in
both NMR and crystallographic'® studies and this antiparallel
structure is maintained in the presence of potassium and
sodium.” The CD spectrum of this sequence is also typical
of an antiparallel arrangement, with a positive peak around
295 nm.” In addition, studies with oligonucleotides of the
type (G;T,), have shown that sequences with longer T, tend to
form antiparallel structures.! It therefore seems reasonable to
suggest that the Oxytricha sequence folds to form an antiparallel
quadruplex structure.

Quadruplexes are very stable and some G-rich sequences pref-
erentially fold into this structure, even in the presence of an excess
of the complementary C-rich DNA strand.*** They also display
extremely slow association and dissociation rates.**?* NMR
studies have shown that the guanine imino protons exchange
on a time scale of days to weeks, even when dissolved in D,0,
in contrast to DNA duplexes (for which these protons have half-
lives which are measured in milliseconds). The formation of

This journal is © The Royal Society of Chemistry 2005

intermolecular quadruplexes is also very slow, though since it is
a fourth order reaction it is highly concentration dependent. For
example, the intermolecular complex formed by T,G,T, showed
a fourth order association rate constant of 6 x 10* M~ s~!
at 37 °C, which extrapolates to a half life of 10° years at a
concentration of 1 uM, but only 10 h at 1 mM. The dissociation
rate for this complex was 1.3 x 1077 s7' (i.e. a half life of 60 d)
at 37 °C.% We have also reported similar slow dissociation rates
for a series of short intermolecular quadruplexes.”® We would
expect intramolecular complexes to form more rapidly than their
intermolecular counterparts, though there is less information
on their rates of association and dissociation. In one study, the
unfolding of the Oxytricha telomeric sequence was determined
by measuring the rate of duplex formation on adding an excess
of the complementary C-rich strand and showed half lives of
about 4 and 18 h at 37 °C in the presence of 50 mM Na* and K*,
respectively.”? A similar study using a PNA trap with the human
telomeric repeat showed dissociation half lives of about 30 min
and over 40 h at 20 °C in the presence of 100 mM Na* and
K*, respectively,*® though a similar study using complementary
DNA strands suggested folding and unfolding half-lives of a
few minutes.’’ Another study on the quadruplex formed by the
thrombin-binding aptamer showed rates of quadruplex opening
of 62 x 107° s™" and 3200 x 1075 s7" at 10 °C in the presence of
K* and Na* respectively.?

These studies with different quadruplexes emphasise their
slow kinetics of folding and unfolding. We have discovered
that the Oxytricha telomeric repeat sequence (G,T,), displays
exceptionally slow kinetics and have used fluorescence melting
and temperature jump kinetics to explore its rates of folding and
unfolding.

Results
Fluorescence melting

We have previously used fluorescently labelled oligonucleotides
to study the stability of intramolecular quadruplexes, especially
those related to the human telomeric repeat (GGGTTA). 22335
In these studies, fluorescein and methyl red are attached at
opposite ends of the sequence; these are in close proximity when
the oligonucleotide folds into an intramolecular quadruplex
and the fluorescence is quenched. When the quadruplex melts,
the fluorophore and quencher are separated and there is a
large increase in fluorescence. In our previous studies we have
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employed a heating and cooling rate of 0.1 °C s7! and, under
these conditions, the human telomeric repeat shows little or no
hysteresis in sodium containing buffers, though the melting and
annealing curves differ by a few degrees in the presence of low
concentrations of potassium.**** These differences in melting
and annealing profiles, which are exaggerated for some related
sequences,*>* indicate that the thermal melting curves are not at
thermodynamic equilibrium and that at least one of the steps is
slow. An extreme example of this phenomenon is the formation
of intermolecular quadruplexes, generated by the association
of four DNA strands, for which the dissociation reaction
is essentially irreversible at sub-micromolar oligonucleotide
concentrations.?®®® The results of similar melting experiments
with the Oxytricha sequence (performed at a heating and cooling
rate of 0.1 °C s7!') are shown in Fig. 1. Panel A shows the results
in the presence of 50 mM Na", for which there is considerable
hysteresis between the melting (7, = 49 °C) and annealing
(T, = 39 °C) curves. However, a biphasic melting profile is
apparent when this complex is melted a second time; the 7',
of the first component is similar to that of the first melt, but
about 25% of the fluorescence change occurs with a 7, of
about 70 °C. This is exaggerated at lower concentrations of
Na* (not shown). The T, values for heating and cooling are
almost coincident in the presence of 100 mM Na* (inset to
panel A). However, at this higher salt concentration about 20%
of the melting (but not the annealing) transition occurs at about

Fluorescence (arbitrary units)

90
Temperature (°C)

Fig. 1 Fluorescence melting and annealing curves for the Oxytricha
telomeric sequence determined in different buffers and at different rates
of heating and cooling. (A) 10 mM sodium phosphate pH 7.4 containing
10 mM NacCl determined at a heating rate of 0.1 °C s™'. The first and
second melting curves (1 and 2) are shown with solid lines, while the
annealing curves are joined with dotted lines. For the sake of clarity only
about 10% of the data points have been included. The inset shows the
profiles in the presence of 10 mM sodium phosphate pH 7.4 containing
90 mM NaCl. (B) 10 mM potassium phosphate pH 7.4 (open circles)
and 10 mM potassium phosphate containing 40 mM KCl (filled circles),
determined at a heating rate of 0.1 °C s~'. The first and second melting
curves (1 and 2) are shown with solid lines, while the annealing curves
are shown with dotted lines. (C) 10 mM sodium phosphate pH 7.4
containing 40 mM NaCl, determined at a heating rate of 0.5 °C min™'
(open circles) and 0.05 °C min™' (filled circles). Melting curves are
shown with solid lines, while annealing curves are indicated with dotted
lines. (D) 10 mM potassium phosphate pH 7.4 containing 40 mM
KCl, determined at a heating rate of 0.5 °C min™' (open circles) and
0.05 °C min~' (filled circles). Melting curves are shown with solid lines,
while annealing curves are indicated by dotted lines.
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70 °C. The reannealed oligonucleotide has a higher fluorescence
than the original complex, suggesting that it has not properly
reassociated. When this complex is melted again it displays a
biphasic profile in which the second transition has a similar 7', to
the minor transition in the first melt, but is a greater proportion
of the reaction. Further annealing and melting of this complex
produces identical fluorescence profiles, demonstrating that the
differences are not caused by degradation of the oligonucleotide.

Panel B of Fig. 1 shows corresponding melting and annealing
profiles in the presence of 10 mM (open circles) and 50 mM K*
(filled circles). In both cases the first melting transition is too high
to measure, though when these are subsequently re-annealed
the T, of the transition is too low to determine in 10 mM K*,
and about 49 °C in 50 mM K*. Re-melting of these complexes
produces biphasic profiles. These melting curves demonstrate
that melting and annealing of the Oxytricha telomeric repeat is
a slow process with considerable hysteresis at a heating rate of
0.1 °C s7', and that more than one complex is generated at this
rate of annealing. These experiments were therefore repeated
at much slower rates of heating and annealing (0.5 °C min™'
and 0.05 °C min™") and the results are shown in panels C and
D in the presence of 50 mM Na* and K* respectively. In Na*
(panel C) hysteresis is still evident when heating at 0.5 °C min~!
(open circles) with T, values of 57.1 °C (melting) and 45.7 °C
(annealing), though there is no hysteresis at 0.05 °C min~' (7', =
51 °C). In the presence of potassium (panel D) the apparent T',,s
for annealing and melting are 67.0 and 80.5, respectively, when
heated at 0.5 °C min™' (open circles), though it can be seen
that the melting transition is biphasic. Under these conditions
there is still considerable hysteresis even at the slowest rates
of temperature change (0.05 °C min™!) with T,s for melting
and annealing of 75.0 and 84.5, respectively. These experiments
demonstrate that the rate of folding and/or unfolding of this
intramolecular quadruplex is extremely slow.

Representative melting and annealing curves at the slowest
rate of temperature change (0.05 °C min~') are shown in Fig. 2
in the presence of different concentrations of Na* and K* and
the apparent 7', values are summarised in Table 1. It can be
seen that although hysteresis is still evident at the lowest Na*
concentration (20 mM), this is hardly evident at 50 mM and
above. In contrast there is substantial hysteresis in the presence
of K* which persists beyond 50 mM, and biphasic melting curves
are evident at the lowest K* concentrations (10 and 20 mM).
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Fig. 2 Fluorescence melting and annealing curves for the Oxytricha
telomeric sequence determined at a heating rate of 0.05 °C min™". (A)
10 mM sodium phosphate pH 7.4 containing 10 mM NacCl (circles),
40 mM (triangles) and 90 mM (diamonds). Melting curves are shown
with solid lines, while annealing curves are indicated by dotted lines;
at the higher ionic conditions these two curves coincide. (B) 10 mM
potassium phosphate pH 7.4 containing 0 mM (triangles), 10 mM
(circles), 40 mM (inverted triangles) and 90 mM KCI (diamonds).
Melting curves are shown by solid lines, while annealing curves are
indicated by dotted lines.

The hysteresis arises because the melting profiles are not in
thermodynamic equilibrium and demonstrate that the Oxytricha
sequence has very slow kinetics of folding and unfolding, and
that in some instances the properties of the complex depend on





Table 1 Apparent annealing and melting temperatures (°C) for the Oxytricha telomeric repeat in the presence of different concentration of Na* and
K*, at different rates of temperature change

Na* K*
0.5°C min™' 0.05 °C min™! 0.5°C min™! 0.05 °C min™!
Concentration/mM Melt Anneal Melt Anneal Melt Anneal Melt Anneal
10 <30 <30 <30 <30 37.0/75.0¢ <30 65.0/80.0° 45.5
20 36.0/54.0¢ <30 45.0 36.0 78.0 45.0 67.5/81.5° 57.5
30 37.5/55.5¢ 37.5 47.5 42.5 55.0 78.3 82.5 65.0
50 57.0 45.5 S1.5 50.0 80.5¢ 67.0 84.5 75.0
75 59.0 53.0 55.5 55.5 >90 78.5 86.0 81.5
100 61.5 58.0 59.5 59.5 >90 81.0 >90 86.0

“ Indicates the presence of a biphasic melting profile.

the method by which it was prepared (fast or slow annealing).
Association and dissociation rate constants can be obtained
from these data by comparing the melting and annealing curves,
as described in the Experimental section, and we have derived
these for the ionic conditions which generate monophasic
melting transitions. Arrhenius plots derived from this analysis
are shown in Fig. 3 and the thermodynamic parameters obtained
are summarized in Table 2. It is immediately clear that, not only
are the kinetic parameters extremely slow, but the association
reaction appears to have a negative activation energy (ie.
the reaction becomes faster at lower temperatures). This has
been observed previously in other studies with quadruplexes
and triplexes, and is explained by suggesting that association
occurs via a nucleation zipper mechanism in which a transient
intermediate is stabilised at lower temperatures. The association
parameters are similar in the presence of K* and Na*, though
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Fig. 3 Arrhenius plots for the association and dissociation of the
Oxytricha telomeric sequence determined in the presence of different
concentrations of sodium or potassium. The parameters were estimated
from analysis of the hysteresis between the melting and annealing
profiles. In both panels open symbols show the dissociation rate
constants (k_;) while filled symbols correspond to the association rate
(ky). The left hand panel shows the reaction rates in the presence of Na*:
circles, 20 mM; triangles, 50 mM; inverted triangles, 75 mM; squares
100 mM. The right hand panel shows the reaction rates in the presence
of potassium: circles, 50 mM; triangles 75 mM; squares 100 mM.

the activation energies in potassium are greater by between 10—
30 kJ mol~'. Overall, the association is faster in the presence
of potassium (with half-lives of a few seconds at 37 °C) than
Na*. The rate of dissociation is very slow in the presence of
both ions, but it is especially slow with potassium, for which
the #,,, in 50 mM of this cation is about 10 years at 37 °C. The
activation energies in potassium are about twice those measured
in Na*, and these increase with increasing ionic strength, as do
the pre-exponential factors. We can calculate precise melting
temperatures from these kinetic parameters, as this will be the
temperature at which k _; equals k;; these values are tabulated
in the final column of Table 2. From these data we can calculate
that the dissociation half-lives at the T, are 1.5 h and 30 min
in 50 and 100 mM K*, respectively. This explains why there
is still hysteresis between the melting and annealing profiles
when the temperature is changed at a rate of 1 °C every 20 min
(0.05°C min™).

We confirmed these exceptionally slow reaction kinetics
by performing temperature-jump relaxation kinetics. In this
technique, the temperature of the sample is rapidly increased
and the rate of change of the fluorescence is measured as the
reaction relaxes to a new equilibrium. We have previously used
this technique for examining the stability of intermolecular
triplexes.®® Representative relaxation profiles for this reaction
are shown in Fig. 4, in the presence of Na* and K*, and are
compared with those for the human telomeric repeat sequence
(which will be reported in detail elsewhere). The kinetics of both
sequences are slower in the presence of K* than Na*. However,
the kinetic profiles for the Oxytricha sequence are much slower
than for the human sequence; Fig. 4 shows that, in the presence
of 50 mM K*, the Oxytricha repeat is about 200 times slower
at a temperature which is 20 °C higher. The rate at which the
reaction relaxes to a new equilibrium is equal to the sum of the
forward and reverse rate constants (k;, + k_,;) and since these
are independent of concentration for a unimolecular reaction
it is not possible to determine each one independently. Fig. 5
shows the effect of temperature on this composite relaxation
rate (open circles), and these are compared with the values of

Table 2 Thermodynamic parameters for association (k,) and dissociation (k—,) of the Oxytricha telomeric repeat sequence. E, is the activation
energy, while A is the pre-exponential factor in the equation k = Ae“#")_ The calculated half-life for each reaction at 37 °C is shown, along with the

calculated T, (i.e. the temperature at which k_, = k)

k, k_y
E,/kJ mol! In(A4)/s™! /s E,/kJ mol"! In(4)/s"! /s T, (°C)
50 mM K* ~200 + 12 78+ 4 0.9 2845 69 +2 3.7 % 10° 77.0
75 mM K* —146 + 4 5742 1.8 28449 8743 8.1 x 10° 86.3
100 mM K* 109 +2 4445 2.9 405 + 26 12849 5.4 x 10 86.6
20 mM Na* —205+ 19 8847 3770 12345 3842 12680 40.3
50 mM Na* ~170 £ 6 7142 65 94 + 6 28+2 3900 479
75 mM Na* —126+4 5342 31 15542 S1+1 13700 52.1
100 mM Na* —11245 4742 15 208 + 4 69 +2 51000 59.0
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Fig. 4 Temperature-jump fluorescence profiles for the Oxytricha (A
and B) and human (C and D) telomeric repeat sequences. (A) and (C)
were performed in 50 mM sodium phosphate pH 7.4, while (B) and (D)
were performed in 50 mM potassium phosphate pH 7.4. The temperature
changes were (A) 50-55 °C, (B) 80-85 °C, (C) 45-50 °C, (D) 60-65 °C.
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Fig. 5 Arrhenius plots showing the variation in the relaxation rates
(k, + k_,) with temperature in the presence of 50 mM sodium or potas-
sium phosphate. Open symbols were derived from the temperature-jump
experiments while filled symbols were derived from the analysis of the
hysteresis in the melting and annealing profiles.

k, + k_, determined from the hysteresis. There is good agreement
between these two techniques, confirming the exceptionally slow
reaction kinetics. These Arrhenius plots are clearly non-linear as
would be expected, since temperature has opposite effects on the
association and dissociation rates, and a simple analysis predicts
that the minimum in this profile will approximate to the 7', of
the reaction.

Discussion

The results presented in this study demonstrate that the rates of
folding and unfolding of the intramolecular quadruplex formed
by the Oxytricha telomeric repeat are very slow and are much
slower than the human telomeric repeat. The rate of association
is between 10-60 times faster in K* than Na* (see Table 2),
but the greatest difference between these two ions is in the
dissociation rate constants. The equilibrium constants for the
complex in 100 mM Na* (k,/k_,) is about 3400 at 37 °C, which
is higher than that reported for the human telomeric sequence
at this temperature, as expected since the Oxytricha sequence
has a higher T',,. The stability in the presence of K* is greater by
several orders of magnitude, as exemplified by the higher 7', and
slower rates of dissociation. These results suggest that, although
there are differences in the rates of association of quadruplexes
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under different conditions, the dissociation rate constant is the
most important factor that affects the relative stabilities.

The association rate constants reported in this work show
that the reaction is faster at lower temperatures. This has
been reported in several other studies’* and is consistent
with a nucleation-zipper mechanism for quadruplex formation.
However, since the rate limiting step in the reaction may change
with temperature, these Arrhenius plots should be extrapolated
to 37 °C with caution. It is also possible that addition of the
fluorescent groups will affect the kinetics of folding, though our
previous studies suggest that these effects will be relatively small
and cannot be responsible for the extremely high stability of this
potassium complex.

Why does this intramolecular quadruplex display much slower
reaction kinetics than those of other published sequences? We
can envisage several reasons. Firstly, it is possible that it adopts
a different structure, though several studies have shown that the
sodium form of this sequence adopts an antiparallel structure
with a crossed central loop,'>'>* similar to that adopted by
the human telomeric sequence under similar conditions, and
as proposed for quadruplexes with longer loops.* We can
be less sure of the structure of the potassium form, and
examination of its CD spectrum? reveals subtle differences from
the sodium form. Secondly, the slower kinetics may be caused
by the long loops, though unusual kinetics were not reported
for the quadruplex formed by (G;T,),,”' and we also find
much less hysteresis between annealing and melting curves with
this oligonucleotide (Rachwal, Brown and Fox, unpublished
observations). Thirdly the slow rates could be a feature of stacks
of four, rather than three G-quartets. This would be consistent
with studies on intermolecular quadruplexes formed with G,-
containing short strands,** which also display exceptionally
slow dissociation rate constants, though these form parallel
rather than antiparallel structures. However, we do not find
similar hysteresis with the sequence (G,T;),. The slow kinetics
therefore appear to result from a combination of long loop
length and longer G-stack. The longer loop may give rise to
a more flexible structure, allowing the stacked quartets to adopt
a configuration that is similar to the very stable intermolecular
complex. Given the extremely slow dissociation kinetics it is
clear that, if this structure forms in vivo, it will require protein
factors to unfold it.

Experimental
Synthetic oligonucleotides

All oligonucleotides were purchased from Oswel DNA service,
Southampton UK. The human and Oxytricha telomeric repeats
consisted of the sequences Q-A(GGGTTA);GGGT-F and Q-
T(GGGGTTTT);GGGGT-F respectively, where F is fluores-
cein (FAM-dR) and Q is methyl red-dR.

Fluorescence melting studies

The thermal melting temperature of the quadruplexes was de-
termined using the fluorescence melting technique that we have
previously developed® and have used for assessing the stability of
various other quadruplexes.?*32-35 Oligonucleotides were labelled
at the 5'-end with a quencher (methyl red) and at the 3'-end with
a fluorophore (fluorescein). These are in close proximity when
the oligonucleotide folds to form an intramolecular quadruplex
and as a consequence the fluorescence is quenched. When this
melts these groups become separated and there is a large increase
in fluorescence. These experiments were performed in the Roche
LightCycler, which has an excitation source at 488 nm and the
changes in fluorescence emission were measured at 520 nm.
Quadruplexes were prepared in either 10 mM potassium or
sodium phosphate buffers, pH 7.4 to which different concen-
trations of NaCl or KCI were added. Melting experiments were
performed in a total volume of 20 uL and contained 0.25 uM





quadruplex-forming oligonucleotide. For experiments at the
fastest rates of temperature change the complexes were first
denatured by heating to 95 °C at arate of 0.1 °C min~' and left to
equilibrate for 10 min. They were then cooled to 30 °C at a rate
of 0.1 °C s7'. Recordings were taken during both the melting
and annealing reactions to check for hysteresis. Slower rates of
heating and cooling (0.5 and 0.05 °C min~') were achieved by
changing the temperature in 1 °C steps, leaving the samples to
equilibrate for 2 or 20 min before each fluorescence reading.
Recordings were taken during both the heating and cooling
steps. T, values were determined from the first derivatives of
the melting profiles using the Roche LightCycler software. Each
value was recorded in triplicate and these usually differed by less
than 0.5 °C.

Obtaining kinetic parameters from hysteresis in melting and
annealing curves.

The hysteresis that is observed between the melting and
annealing profiles is caused by the slow association and/or
dissociation reactions, as a result of which the reaction is
not at thermodynamic equilibrium. Individual association and
dissociation rate constants can be derived from this hysteresis as
previously described.*” Briefly, if a. and a, are the fractions
of the folded quadruplex at any temperature in the cooling
and heating profiles, respectively, and ¢ and 7 are the time
and temperature, then d(a.)/dT = d(a.)/dt x (dT/d¢)™" and
d(a,)/dT = d(a,)/dt x (dT/d0)~".

If k, and k_, are the association and dissociation rate constants
for folding of the quadruplex then d(a.)/dt = k(1 — a.) —
k_; a. and d(a,)/dt = k(1 — ay) — k_, a,. By measuring
d(a.)/dT, d(a,)/dT, a. and a;, the individual rate constants
can be estimated at each temperature.

Temperature jump kinetics

The kinetics of quadruplex dissociation were determined by
measuring the rate of change of fluorescence after rapidly
increasing the temperature, in a manner similar to that of
temperature-jump relaxation kinetics.*® The complexes were
equilibrated in the LightCycler at a temperature around the
T,. The temperature was then rapidly increased by 5 °C at the
fastest rate on the LightCycler (20 °C s™") and the time dependent
change in fluorescence was recorded. This temperature increase
promotes dissociation of some of the quadruplex, moving along
the dissociation melting curve. Although the theoretical dead-
time under these conditions is only 0.25 s all fluorescence
changes that occurred in the first 2 s were ignored during
equilibration to the new temperature. Successive temperature-
jumps were then recorded on the same sample by further
increasing the temperature by 5 °C. Initial experiments with
the Oxytricha telomeric repeat sequence showed that the time-
dependent change in fluorescence was extremely slow, requiring
up to 1 h for completion. In order to prevent photobleaching
over this prolonged period, the samples were degassed before
use and readings were only taken every 30 s. To exclude any
possible evaporation these samples were maintained under
mineral oil. Each experiment was repeated at least 3 times.
The time dependent changes in fluorescence were fitted by an
exponential function F, = F/*(1 — e ™) + F, where F, is the
fluorescence at time ¢, F; is final fluorescence and F is the initial

fluorescence. The relaxation rate constant (k) obtained from this
analysis is equal to the sum of k_, and k,. Arrhenius plots of
In(k) against 1/T were constructed using these data.
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It is shown that the ipsocentric orbital-based model explains how the charge of the central cation drives the
delocalisation pathway in metalloporphyrins. A positive charge +Ze at the centre of the porphin ring gives rise to a
two-way radial transfer of charge within the 7 structure of the porphin macrocycle. This manifests itself in a change
of pathway of the global & current, as Z increases from Z = 0, from an inner- through a bifurcated- to an
outer-pathway. Changes of pathway can be interpreted in terms of a specific m shielding effect whereby electrons in
high-lying 7 orbitals are screened from the central charge by the electrons in lower-lying orbitals of the same
symmetry. These changes in © structure are essentially independent of accompanying changes in the o structure.

1. Introduction

An understanding of the nature and origin of the global &
ring current in the porphin macrocycle of porphyrins has
recently been obtained'™ within molecular orbital theory by
means of coupled Hartree—Fock calculations in the ipsocentric
formulation.>® The present paper will show that this approach
also explains the spatial distribution of current and its depen-
dence on a central charge, predicting a systematic variation
of delocalisation pathway with a central cation in metallo-
porphyrins and related systems. We show that the dependence
of the current density distribution on the central charge can be
explained in detail by adopting the principle (i) that changes
in current densities follow changes in charge densities, or more
precisely, transition densities, and the hypothesis (ii) that, in the
presence of a central charge, there exists a 7 shielding effect
whereby electrons in high-lying © orbitals of each symmetry
type are shielded from the centre by the lower-lying orbitals of
the same symmetry. These considerations apply to a wide range
of known molecules, with almost every metal in the periodic
table forming a central complex with porphyrins® or with the
structurally similar phthalocyanines,' as well as with a variety of
expanded and contracted porphyrins,'! some in several oxidation
states from +1 to +6.

Representative current maps are illustrated in Fig. 1 for
(a) the dianion macrocycle in (neutral) magnesium porphin,
[MgP], and (b) the neutral macrocycle in the dication [MgP]**.
Both display clear global ring currents, the blue and red colours
highlighting the difference between the oppositely circulating
diatropic (diamagnetic) and paratropic (paramagnetic) currents
(see also ref. 3). An indication of current strength is given
by its largest magnitude in the plotting plane, and by this
measure, the porphin @ ring current is twice as strong as that of
benzene.

Several delocalisation pathways can be devised for the flow
of m electrons through the 24-site conjugated m system of
the porphin macrocycle, and the current density maps of
Fig. 1 suggest that the total, bifurcated flow can be analysed
as a combination of 16-site inner and 20-site outer pathways.
In neutral [MgP], the number of contributing n electrons is
nominally 18 (inner) and 22 (outer), both consistent with
Hickel’s (4n + 2) rule for aromaticity of a monocycle. In
the dication, [MgP]**, the counts of 16 and 20 are consistent
with the 4n rule for antiaromaticity. An alternative analysis
considers a combination of the two orthogonal 18-site pathways
conventionally invoked to represent m delocalisation in free-
base porphin,”® which carry 18 n electrons in [MgP] and 16
in [MgP]**. Historically, this was the basis for the interpretation

Fig. 1 n Total current density maps in magnesium porphin: (a) neutral [MgP], (b) dication [MgPJ]**, calculated at the ipsocentric
CTOCD-DZ/6-31G**//RHF/6-31G** level and plotted at 1q, from the nuclear plane, close to the maxima of the n current and charge densities.
Colours indicate the type and intensity of the global ring current: blue for diatropic, red for paratropic. Diatropic circulation is anticlockwise,
paratropic clockwise. Maximum currents in the plotting plane are j,,, = 0.17 a.u. in [MgP], 0.15 a.u. in [MgP]**, where 0.08 a.u. is the value for
benzene. Atom symbols are Dalton’s:'? circle with dot for H, solid circle for C, bisected circle for N.

This journal is © The Royal Society of Chemistry 2005 |
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of the electronic spectra of porphyrins in terms of frontier n—n*
orbital transitions (see ref. 4 and references cited therein).

The patterns of frontier m orbital levels of the macrocycle
in [MgP] and [MgP}** are shown in Fig. 2, with indications
of the orbital transitions allowed under electric- and magnetic-
dipole selection rules. In D, [MgP], 1a,, and 3a,, (HOMO and
HOMO') form a near-degenerate pair, with nodal symmetry
corresponding to angular momentum quantum number 4 = 4.
The degenerate 4e, LUMO pair has one more node (4 = 5). The
AL = 1 HOMO-LUMO transitions are therefore expected to
dominate the electronic spectrum of the molecule. Gouterman®*
has shown that a good description of the two lowest-lying
E, excited states is obtained by interaction of two orbital
configurations (a,,, €,) and (a,,, ¢,). This ‘four-orbital model’
provides a realistic interpretation of the relative intensities of
the transitions, with weak absorption (Q bands) in the visible
and intense Soret absorption (B bands) in the near-UV.

£0.02 e (LUMO) g3 lay, (LUMO)
0

;

!

:

'
-0.21 laj (HOMO) ) <4 3a,, (HOMO)
~0.24 3as, (HOMO')

—0.61 3e, (HOMO-1)
(a) (b)

Fig. 2 Schematic patterns of frontier m orbital energy levels in (a)
[MgP] and (b) [MgPJ**. The energies (a.u.) are for D,, RHF-optimised
geometries within the 6-31G** Gaussian basis. Also shown are the
occupied-to-unoccupied orbital transitions allowed by electric-dipole
(black arrows) and magnetic-dipole (white arrow) selection rules.

The model of the spectrum is relevant here because precisely
the same four orbitals determine the diamagnetic global ring
current in [MgP].! In the ipsocentric formulation,”® the current
induced in a molecule is ascribed wholly to perturbation of
the wavefunction, with none of the complications generated by
traditional formulations in terms of competing ground- and
excited-state formal contributions. Current density, magnetic
susceptibility and nuclear shieldings are then determined by the
accessibility of excited electronic states of the system. In molec-
ular orbital theory it is the allowed transitions between occupied
and unoccupied orbitals that determine these properties, accord-
ing to translation/rotation selection rules that determine the
sense of the current.® Translational and electric dipole-moment
selection rules are identical, whence the close correspondence
between the electronic spectrum and the ring current of [MgP],
where HOMO-LUMO transitions give essentially the whole of
the diamagnetic global ring current.! Rotational and magnetic
dipole-moment selection rules are identical, so that in [MgP*
the AL =0 HOMO-LUMO transition within the split 2 = 4 pair
(3a,, HOMO, 1a,, LUMO) dominates the global paramagnetic
ring current.

The orbital model gives a clear account of the sense of the ring
currents in these systems. It can also explain the dependence of
their spatial location on the charge of the central ion. Bifurcation
of the global circulation across the pyrrole subunits is seen in
the current density maps for porphin,' porphycene® and the
expanded porphyrins sapphyrin and orangarin.® One intriguing
observation from studies of this family of systems is that the
extent of bifurcation of the global path depends not only on the
structure of the macrocycle, but also on the charge at its centre.*
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Fig. 3 shows how the bifurcation changes when the central ion
of [MgP] is replaced by a point charge +Ze for (a) Z =0, (b) Z =
2 and (c) Z = 4. The computed global current changes hardly
at all when the central ion is replaced in the model system by
charge Z = 2 {j,y = 0.18 a.u. for Z = 2 [Fig. 3(b)] ¢f. 0.17 a.u.
with an explicit Mg** cation [Fig. 1(a)]}. Removal of this charge
results in a substantial reduction in bifurcation in favour of the
inner pathway [Fig. 3(a)], whilst replacement by charge Z = 4
again leads to reduction in bifurcation, but now in favour of the
outer pathway [Fig. 3(c)]. A parallel pattern is observed for the
paramagnetic ring currents of [MgP]**.

(a) Z=0

/

|

|

|
ol
[

(b) Z=2

(c) Z=4

Fig. 3 Total  current density maps of model systems obtained from
magnesium porphin by replacement of the central Mg** ion by charges
Z,for(a)Z=0,(b) Z=2,(c) Z=4.

We show in the present paper how the orbital analysis
of magnetic properties within the ipsocentric formulation of
coupled Hartree-Fock theory”® leads to a natural explanation
of the changes in the global © ring currents arising from changes
in the central charge. Results are presented for the model systems
[ZP*7] and [ZP], in which P* is the (diatropic) porphin dianion
and P is the (paratropic) neutral macrocycle, illustrating the
influence of the central cation on the delocalisation pathway
and ring current.

Unless there are specific orbital effects, an explanation of the
behaviour of magnetically-induced currents in the presence of
electric and magnetic fields can often be found, in the spirit of
Larmor’s interpretation of diamagnetism, in the principle that
changes in current density follow changes in charge density.''®
In the ipsocentric approach, the current is governed by virtual
transitions between occupied and unoccupied orbitals, and so
strictly speaking it is the transition density rather than the
density of the occupied orbital alone that should be considered.





In many cases, arguments based on charge and transition
densities will lead to the same qualitative conclusion. In the
present case, the non-uniform central field of the positive charge
in the porphin ring gives rise to a two-way radial transfer
of electronic charge within the n structure. Movement of the
computed global & current, as Z increases from Z = 0, from an
inner- to a bifurcated- to an outer-pathway can be interpreted
in terms of a specific © shielding effect whereby electrons in
high-lying & orbitals of each symmetry type are shielded from
the centre by the electrons in the lower-lying orbitals of the
same symmetry. The success of a simplified pseudo-t model in
duplicating these effects shows that the changes in &t structure
are essentially independent of accompanying changes in the o
structure.

2. Computational details

The calculations of current density presented in this paper
were performed with the 6-31G** Gaussian basis set by means
of coupled Hartree-Fock theory within the ipsocentric (or
CTOCD-DZ, continuous transformation of origin of current
density-diamagnetic zero) formulation.>® Geometries of all the
systems were optimised with Dy, symmetry constraints at the
RHF/6-31G** level. The m current density maps are plotted
in a plane at la, from that of the nuclei. Contours show the
modulus of current density with values of 0.001 x 4" a.u.
(a.u. = eh/meay*), for n = 0, 1, 2,..., and the arrows show
the magnitude and direction of the projection of the current
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density vector in the plotting plane. Diatropic circulation is
anticlockwise, paratropic clockwise, following the direction of
circulation of the m electrons in a magnetic field at right
angles to the molecular plane and pointing out of the map
towards the viewer. Geometry optimisations were performed
with CADPAC"” and GAUSSIAN;" all other calculations with
the SYSMO package.”

3. Orbital current density maps

The diatropic global ring current in the ‘porphin dianion’ series
[ZP>7] is dominated by contributions of the four electrons in
the near-degenerate HOMO pair 1a,, and 3a,,, and arises from
virtual translational excitations to the 4e, LUMO pair (Fig. 2).
The orbital contributions, and their sum, are shown in Fig. 4 for
Z = 0 (dianion), Z = 2 (modelling magnesium porphin), and
Z =4

Comparison of the maps in the right-hand column of Fig. 4
with those in Fig. 3 confirms that the global m current is
essentially the sum of the HOMO contributions. The orbital
current densities show that the electrons in both orbitals
contribute to the shift from inner to outer pathway, although
not to the same extent. The effect is stronger in 3a,,, which
has an almost exclusively inner pathway when Z = 0 and an
outer pathway when Z = 4. For the 1a,, orbital, there is some
bifurcation even when Z = 0.

In the ‘neutral porphin’ series [ZP] the orbital 1a,, is unoc-
cupied and is the LUMO to its partner, the HOMO 3a,,. The

(C) 1a1u * 3a2u

Fig.4 Orbital © current density maps of the porphin dianion series [ZP?"] for Z =0, Z =2 and Z = 4: (a) la,,, (b) 3a,,, and the sum of the orbital

contributions (¢) la,, + 3a,,.
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Fig.5 Orbital n current density maps of the neutral porphin series [ZP] for Z =0, Z = 2 and Z = 4: (a) 3a,,, (b) total © — 3a,,, and (c) total .

[ZP] systems now display two-electron paramagnetism as a result
of the rotationally-allowed transition 3a,, — la,, between the
partners. The electrons in the remaining orbitals form a closed-
shell diatropic system, as shown in Figs. 5(b).

The most obvious feature of Fig. 5 is the large paratropic
current for the 3a,, orbital when Z = 0 (maximum current
density j,.. = 0.37 a.u., compared with 0.14 a.u. for Z = 2
and 0.12 a.u. for Z = 4). This enhanced value is partly due to a
small HOMO-LUMO energy gap, but, as we will see, is mainly
the result of particularly favourable rotational matching of the
HOMO and LUMO orbitals in the region of the inner pathway.

More generally, the maps show an increase of current density
in the outer pathway at the expense of the inner as the central
charge increases. The central column of maps in Fig. 5 shows
that a somewhat weaker diatropic contribution to the global
ring current is also made by the electrons in the closed shell
below the HOMO (Z = 0: ju = 0.06 au., Z = 2: 0.07
a.u., Z = 4: 0.06 a.u.), with largest contribution coming from
the four electrons in the 3e, HOMO — 1 pair. A diatropic
subsystem is a standard feature that accompanies the two-
electron paratropicity associated with a split HOMO-LUMO
pair.** In the present case, the diatropic subsystem has its origin
in the translationally-allowed transitions to the vacated la,,, as
well as with a lesser contribution from 2e, and a paratropic
contribution from 2a,,. These small contributions conspire to
form weak localised circulations in the pyrrole units when Z =
0, which is absorbed in the global diatropic flow when Z = 4.
Similar features have been observed in expanded porphyrins.?
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As we have seen, the orbital model accounts for the overall
features of the maps. An explanation of their charge dependence
follows from inspection of changes in orbital densities, and a
consideration of 7 shielding effects, as will be shown in the
following section.

4. Orbital and density-difference maps

The HOMO T orbitals and an orbital of the LUMO pair in the
porphin dianion series [ZP*"] are shown in Fig. 6 for Z =0, Z =
2 and Z = 4. It is clear that the two HOMO orbitals respond
quite differently, and quite unexpectedly, to the central charge.
Whilst orbital 1a,, appears to remain almost unchanged as the
charge increases from Z = 0, orbital 3a,, shows a strong shift
away from the increasing positive charge, from nitrogen onto
peripheral CC bonds. The 4e, LUMO also shows this outward
shift, from nitrogen onto peripheral CC bonds.

The pattern of shifts is emphasised in Fig. 7 by the density-
difference maps [y*(Z) — w*(0)], for Z = 4, for the HOMO
orbitals and the LUMO pair. These difference maps have been
obtained from computations at a common [MgP] geometry. The
la,, orbital shows the expected polarisation towards the central
charge, but the shift is small and localised on carbons common
to both inner and outer pathways. In contrast, the density-
difference map for orbital 3a,, shows marked polarisation away
from the centre onto the periphery. The LUMO also moves
towards the peripheral CC bonds at the expense of nitrogen.





(a) 1 Aqy

(b) 3a;,

(c) 4eq

Fig. 6 HOMO and LUMO orbitals in the porphin dianion series [ZP*"] for Z =0, Z = 2 and Z = 4: (a) la,,, (b) 3a,, and (c) one of the 4e, pair.
Contour values are +0.02na,7*? forn = 1, 2, 3,. .. Solid and dashed lines denote positive and negative values, respectively.

(b) 3az,

Fig. 7 Orbital density-difference maps w*(Z = 4) — y*(Z = 0) of the porphin dianion series [ZP>~]: for the HOMO (a) 1a,, and (b) 3a,, and the
LUMO pair (c) 4e,. The contour values are £0.0001 x 3"a,* forn =0, 1, 2,... Solid lines show increase in charge density, dashed lines show decrease.

These observations on the orbitals and density differences
are sufficient to explain the shift in orbital currents from inner
to outer pathways in the series [ZP*"] as the central charge Z
is increased. In the case of 3a,,, the strong outward shift of
the occupied orbital density from nitrogen onto the periphery,
reinforced by that of the LUMO, results in a corresponding shift
of current density onto the outer pathway. In the case of la,,,
the occupied orbital spans both pathways with little change as Z
increases, and it is the outward shift of the LUMO density that
leads to the outward shift in current pathway.

In the series [ZP] orbital 3a,, is the HOMO and its partner
la,, is the LUMO. These orbitals are similar to those shown in
Fig. 6 for [ZP*"], with orbital-density differences similar to those
in Fig. 7. In this case, the LUMO is insensitive to changes of the
central charge, and it is the outward shift of the 3a,, HOMO that
determines the pathway as Z increases. The magnitude of the
paratropic current depends strongly on the rotational matching
of HOMO and LUMO. Comparison of the two columns of
Fig. 6, for 1a,, and 3a,,, shows that a matching is obtained
by rotation of either orbital through an angle ©t/8, appropriate

Org. Biomol. Chem., 2005, 3, 4053-4059
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(a) 1azy (b) 2ay,

() 3azy (d) total 1

Fig. 8 Density-difference maps y*(Z = 4) — w*(Z = 0) for the porphin dianion series [ZP*"], with Z = 4, for orbitals (a) la,,, (b) 2a,, and (c) 3a,,,

and (d) for the total © charge density.

to a pair of orbitals with orbital angular momentum quantum
number A =4. For Z =0, this rotation gives strong overlap of the
orbitals in regions along the inner pathway. As Z is increased,
the overlap becomes progressively weaker as the 3a,, density
moves outward.

It remains to explain the computed shifts in the orbital
densities themselves in the presence of the increasing central
charge, and this is the point at which hypothesis (ii) of a &
shielding or screening effect is invoked.

The hypothesis is that, whereas all the electrons are attracted
to the central charge, there exists a specific © shielding effect
whereby electrons in high-lying n orbitals of each symmetry
type are shielded from the central charge by the electrons in
the lower-lying orbitals of the same symmetry, resulting in a
partial separation of charge within the m system. This arises
in two ways: (a) electrostatic shielding, whereby an electron
at a given radius is shielded from the centre by the electron
density within that radius, and (b) radial orthogonality, whereby
higher-lying orbitals are progressively excluded from the space
occupied by lower-lying orbitals of the same symmetry, leading
to a relative shift of orbital density away from the centre. The
n shielding effect is closely analogous to the familiar nuclear
shielding in atoms, with the screening constant increasing up the
orbital ladder. Radial orthogonality, which applies to all orbitals,
occupied and unoccupied, is already seen in the hydrogen atom,
and for each symmetry results in an increasing number of radial
nodes, as in the series 1s, 2s, 3s,..., with maximum orbital
density at larger distances from the centre.

In the porphyrin macrocycle, the significant consequence of
radial orthogonality is the shift of density from inner to outer
pathway. This is demonstrated in Fig. 8 by density-difference
maps [*(Z) — y*(0)] for the three occupied orbitals of symmetry
a,, in [ZP*"] with Z = 4. The lowest-lying orbital 1a,, is polarised
wholly towards the central charge, the second less so, and the
third is polarised onto the perimeter. Fig. 8(d) also shows that
the polarisation of the total m density is actually towards the
central charge.

5. Pseudo-r calculations

The changes in the & structure arising from variation of the
charge at the centre of the porphin macrocycle have been
discussed without reference to the o structure. That these
changes are properties of the 7 structure alone, and occur inde-
pendently of the o structure, is confirmed by ‘pseudo-n” model
calculations. In the original pseudo-t method, a conjugated
carbon framework is formally replaced by a set of hydrogen
atoms bearing single 1s (STO-3G) orbitals.? Calculation within
the ipsocentric formulation of the in-plane o current density
induced by a perpendicular magnetic field has been found to give
a close numerical match to the out-of-plane © current density of
the original carbon system at a height of la,, particularly when
the original optimised geometry is used. For the present pseudo-
n calculations of the porphyrin systems the difference between N
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and C has been ignored, a procedure that has a precedent in the
1950 Hiickel calculations of Longuet-Higgins et al.** The total
pseudo-rn current density distributions computed in this way are
shown in Fig. 9. The detailed agreement between the results
of the pseudo-n and ab initio calculations of the m currents,
shown in Fig. 3, suggests that the global behaviour of the ring
current in the presence of a central charge does not depend in any
essential way on possible changes in the o structure. Studies of
changes in the o structure of the porphin macrocycle and of some
simpler related systems in the presence of an electric field do
suggest the presence of a corresponding G shielding effect, but the
analysis is complicated by the inherently localised nature of the ¢
structure.
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Fig. 9 Total pseudo-m current density maps of [ZP?7] for (a) Z = 0, (b)
Z=2,(c)Z=4.





6. Conclusion

The ipsocentric method and its associated orbital model can
explain the sense of the global ring current circulation in
porphin macrocycles and also the way in which the current
pathway varies with the change of the central cation. Although
perhaps apparently counterintuitive, the movement of current
arising from an increasing central charge is predicted by a two-
dimensional shielding model. For molecular design purposes, it
may be noted that variation of the central cation/charge could
therefore be used to tune the pathway of the ring current and =
delocalisation in porphyrins, and hence adjust the local magnetic
fields, chemical shifts and magnetic susceptibility anisotropy.
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A short synthetic strategy for preparation of the conduritols is described. The key step employs a zinc-mediated
fragmentation of protected methyl 5-deoxy-5-iodo-D-pentofuranosides followed by an allylation of the intermediate
aldehyde in the same pot. The allylation is performed with 3-bromopropenyl benzoate and occurs with good
diastereoselectivity. An amino group can be introduced in the product by trapping the intermediate aldehyde as the
imine prior to the allylation. The functionalised 1,7-octadienes, thus obtained, are converted into protected

conduritols by ring-closing olefin metathesis.

Introduction

The synthesis of conduritols (cyclohex-5-ene-1,2,3,4-tetrols) has
attracted considerable attention in the past twenty years." The
conduritols consist of six diastereomers which are labeled A to
F. Two of these are meso compounds while the remaining four are
optically active. Conduritols A and F are naturally occurring,?
while the epoxide of conduritol B is an irreversible B-glucosidase
inhibitor.® The conduritols have been used as key intermediates
in the preparation of natural products and other biologically
important molecules.*

A number of strategies have been developed for the synthe-
sis of enantiopure conduritols. Usually, the starting material
is either p-benzoquinone,’ cyclohexa-3,5-diene-1,2-diol,* an
inositol,” or a carbohydrate.*'? In the latter case, the carbocy-
clisation step has been performed by either a Ferrier reaction,?
a Ramberg-Béicklund reaction,’ a pinacol coupling,* or a ring-
closing olefin metathesis reaction."” We have recently described
a zinc-mediated tandem reaction for converting carbohydrates
into acyclic dienes that can be cyclised by metathesis.”? In
this reaction, methyl 6-iodohexopyranosides are subjected to
a reductive fragmentation to produce unsaturated aldehydes,
which are then alkylated by a vinyl organometallic reagent in
the same pot (Fig. 1a). By using this procedure, (—)-conduritols
B and C have been prepared from D-glucose and D-mannose,
respectively.'>!

We envisaged that this strategy could be further devel-
oped by employing the recently published reactions with 3-
bromopropenyl acetate (A) and 3-bromopropenyl benzoate
(B)." These reagents are known to perform a-acyloxyallylations
of aldehydes in the presence of zinc and indium. Conse-
quently, we speculated that these allylic bromides could be

used in the zinc-mediated tandem reaction with a methyl 5-
iodopentofuranoside as the carbohydrate substrate (Fig. 1b).
The product would then be the same eight-carbon diene as
obtained earlier, but with the possibility of generating different
stereogenic centers.

Herein, we report a short synthetic route to the conduritols
where a zinc-mediated reaction between a pentofuranoside and
an acyloxyallyl bromide serve as the key step.

Results and discussion

Methyl iodofuranoside 1 is easily available from D-ribose'
and has been used as a convenient test substrate in the
development of our earlier methods.’*!¢ In these methodology
studies, iodofuranoside 1 was treated with zinc in the presence of
allyl or propargyl bromide to afford a 1,7-diene or a 1,7-enyne,
respectively. The tandem reactions were performed in a THF-
H,O mixture under sonication at 40 °C. The addition of water
as a co-solvent enhanced the rate of the reactions.

Thus, for the initial experiment, furanoside 1 and acetate
A were treated with zinc under these conditions (Scheme 1).
This resulted in one major product 3a, which was isolated
in 72% yield as a 4 : 1 mixture of two isomers. A minor
product (9%) containing several other isomers was also isolated.
Some of these isomers may result from migration of the
acetyl group, which has been observed earlier." The major
product mixture was therefore deacetylated and protected with
an additional isopropylidene group, which gave one single
symmetrical product. This experiment shows that migration
of the acetyl groups does in fact occur under the reaction
conditions.

N\
PO OMe ﬂ» PO CHO
a) 2 Metal
PO OP PO OoP
\ / RCM
PO o — POQOP
O _OMe PO ©OP PO ©OP
[ Zn =\ [CHO Metal - i
b) — _>_< C P = protecting group
PO OP PO OP RCOO/\/\ Br P = H: conduritol
A:R=Me
B:R=Ph

Fig. 1 Strategies for synthesis of the conduritols.
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Scheme 1 Reagents and conditions: (a) Zn, THF, H,O, ultrasound,
40 °C; (b) Zn, A or B, THF, H,0, ultrasound, 40 °C; (c) (PCy;)-
(C;H4N,Mes,)Cl,Ru=CHPh, CH,Cl,, 40 °C; (d) AcOH, H,O0, 80 °C,
then MeOH, H,0, NaOH, rt.

The tandem reaction between 1 and A was also studied in
the presence of indium, which has previously been shown to
change the stereochemical outcome in some cases.”> However,
the reaction was quite sluggish under these conditions and
gave rise to a more complex product mixture in addition to
a considerable amount of unreacted 1. Apparently, indium is
not sufficiently reactive to affect the reductive fragmentation
of 1. Instead, this fragmentation was carried out with zinc
to give aldehyde 2, which was separated from the zinc salts
by extraction.’ The indium-mediated coupling with A was
subsequently repeated by using this aldehyde as the substrate.
In this experiment, diene 3a was isolated in 42% yield with no
sign of acetyl migration. It should be noted that diene 3a is the
major diastereomer regardless of the metal used in the allylation.
A small amount (5%) of several other diastereomers was also
obtained from the reaction with indium. Although this two-step
sequence with zinc and indium does seem to solve the problem
with ester migration, the overall yield is lower than when the
reaction is performed with zinc in a one-pot sequence. As a
result, it was decided to use the one-pot conditions with zinc
and to avoid the ester migration by employing a more stable
ester group. Gratifyingly, when furanoside 1 was treated with
zinc and benzoate B, the reaction furnished diene 3b in 73%
yield as a single isomer.

Compound 3b was then converted into cyclohexene 4 in
92% yield by ring-closing olefin metathesis with Grubbs’ 2™-
generation catalyst."” The highly coloured ruthenium catalyst
was removed in the workup by treating the reaction mixture with
tris(hydroxymethyl)phosphine.”® Cyclohexene 4 is an interesting
chiral building block that can be prepared from D-ribose in
only four steps. Deprotection of 4 under acidic conditions to
hydrolyse the isopropylidene group followed by basic conditions
to remove the ester group then afforded conduritol D in
94% vyield, with spectral data in agreement with literature
values. Conduritol D was also obtained from diene 3a when
this compound was subjected to metathesis followed by de-
protection. These results confirm the stereochemistry of the
major products in the allylation reactions. The stereochemical
outcome is in accordance with earlier observations in similar
systems'>"* and can be rationalised by the Felkin—Anh transition
state 5.%

To further explore the use of benzoate B as an allylating
reagent, the zinc-mediated tandem reaction was also investigated
on a methyl iodofuranoside with xylo-configuration. As the hy-
droxy groups in the 2- and 3-position are trans, an isopropylidene
group cannot be used in this case to protect the diol. Instead, the
TBS (tert-butyldimethylsilyl) group was chosen, since it is very
stable, easy to introduce, and can be selectively removed using a
fluoride reagent. It is necessary to protect the 2- and 3-positions

in the furanoside in order to obtain a high yield and a good
diastereoselectivity in the tandem reaction.”

Thus, methyl iodofuranoside 6 (Scheme 2) was synthesised
in three steps from D-xylose® The fragmentation-allylation
reaction was initially carried out under the same conditions
as described for furanoside 1. This gave compound 8 asa 7 : 2
mixture of diastereomers in about 80% yield. Unfortunately,
the isolated product was contaminated with a byproduct,
which could not be removed by column chromatography. The
byproduct seems to arise from a zinc-mediated homocoupling
of allylic bromide B. As a consequence, the conditions were
changed to avoid this homocoupling. Iodofuranoside 6 was first
sonicated with zinc and converted into aldehyde 7. Excess zinc
was removed by filtration, but the aldehyde was not further
purified. Instead, indium and benzoate B were added and the
mixture was sonicated again to give diene 8 in 78% yield with
no sign of the byproduct from the zinc experiment. Diene 8 was
isolated as the same 7 : 2 mixture of diastereomers as observed
with zinc. The diastereomeric mixture could not be separated by
flash chromatography and was therefore used in the next step.

\ 0Bz
| O,-OMe . . cHO b IOH
—— / —— /
TBSO ;OTBS TBSO OTBS TBSO 6TBS
6 7 8 (78%)
OH OAc
$ o g
wOH  ~—— WOAG ~——
/ 90% / 94%
HO  ©OH AcO DAc
(+)-conduritol C 10 9

Scheme 2 Reagents and conditions: (a) Zn, THF, H,0, ultrasound,
40 °C; (b) In, B, THF, H,O, ultrasound, 40 °C; (c) MeOH, NaOH,
rt, then TBAF, THF, rt, then Ac,O, Et;N, DMAP, THF, rt; (d)
(PCy;)(C;H,N,Mes,)Cl,Ru=CHPh, CH,Cl,, 40 °C; (¢) MeOH, K,CO;,
rt. (¥ = 7 : 2 mixture).

Ring-closing metathesis of diene 8 was attempted with
Grubbs’® 2M-generation catalyst'” and Hoveyda—Grubbs® 2-
generation catalyst.?! In both cases, only partial conversion was
observed, presumably due to steric hindrance from the bulky
TBS groups. To overcome this problem, the TBS groups were
removed and replaced by another protecting group. Several
attempts to cleave the TBS groups without migration of the
benzoyl group failed, and it was decided to remove both
protecting groups and then peracetylate the resulting tetrol. We
have previously shown that the tetraacetylated dienes are good
substrates for ring-closing metathesis while the corresponding
tetrols are not compatible with the ruthenium catalysts."?
The benzoyl group was deprotected with sodium hydroxide
in methanol and the crude product was treated with TBAF
to afford the fully deprotected tetrol. Subsequent acetylation
gave tetraacetate 9 in 64% overall yield as a 7 : 2 mixture of
diastereomers, which co-cluted by flash chromatography. The
diene mixture was subjected to ring-closing metathesis to afford
the corresponding cyclohexenes in 94% yield. In this case, the
ruthenium catalyst was removed in the workup by treatment
with activated carbon.”? Again, it was not possible to separate
the two isomers by column chromatography, but the major
isomer could be isolated in pure form by crystallisation. The
structure of the major isomer was assigned as (+)-conduritol C
tetraacetate by comparison with literature data. Accordingly, the
stereochemical outcome of the allylation is the same as observed
above in the ribose experiment.

The zinc-mediated fragmentation—allylation reaction can also
be used for introducing an amino group. If benzylamine is added
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to the reaction mixture, the intermediate aldehyde will form
an N-benzylimine, and allylation of this imine will then occur
to form an N-benzyl aminodiene.”> We decided to investigate
this possibility with benzoate B, since this strategy would give
rise to aminoconduritols. Contrary to the aldehyde experiments
above, the imine reactions must occur under strictly anhydrous
conditions. To explore the formation and allylation of this imine,
aldehyde 2 was treated with benzylamine and 3 A molecular
sieves in dry THF. The molecular sieves were removed after
2 h followed by addition of zinc and benzoate B. The resulting
mixture was sonicated at 40 °C which gave aminodiene 11 in
41% yield as a single diastereomer (Scheme 3).

\ §)Bz sz
| O OMe , \ ¢
/\er > = iNBn > @ INBn
$ 44% — R g L e
§ % A i b i
> L >
1 b ,11:R=H 13

70% ™12: R=Ac

Scheme 3 Reagents and conditions: (a) Zn, TMSCI, THF, ultra-
sound, 40 °C, then BnNH,, 3 A MS, THF, rt, then Zn, B, THF,
ultrasound, 40 °C; (b) Ac,0, Et;N, DMAP, CH,Cl,, 40 °C; (c¢)
(C;H4N,Mes,)ClL,Ru=CHC¢H,OC;H,, toluene, 80 °C.

The next step was to develop a one-pot procedure where
the fragmentation of iodofuranoside 1 was followed by imine
formation and then allylation of the imine. The zinc-mediated
fragmentation of 1 proceeds considerably slower in pure THF
compared to the THF-H,O mixture, but the rate can be
enhanced by the addition of TMSCL.' Using these conditions,
full conversion of iodofuranoside 1 was achieved in about 2 h.
The reaction mixture was filtered and the filtrate was stirred with
benzylamine and 3 A molecular sieves followed by sonication
with zinc and benzoate B. These one-pot conditions resulted in
44% yield of diene 11 as a single isomer. A few minor byproducts
were also isolated, but not further identified.

Carbohydrate-derived amines are incompatible with ring-
closing metathesis when ruthenium catalysts are used.’>'¢ Thus,
the amine functionality in 11 had to be blocked prior to the
metathesis reaction. Somewhat surprisingly, this amino group
was not very reactive and sterically demanding protecting groups
like Boc and Fmoc could not be introduced. Instead, it was found
that amine 11 could be acetylated to give amide 12 in 70% yield.
Reflux for two days was required before complete conversion
was observed, which reflects the lack of reactivity of the amine
functionality in 11.

Ring-closing metathesis of diene 12 proceeded slowly in
refluxing dichloromethane, but in toluene at 80 °C 12 was
converted smoothly into cyclohexene 13. Both Grubbs® 2M-
generation catalyst'” and Hoveyda-Grubbs’ 2"-generation
catalysts®' were able to catalyse the conversion, but the Hoveyda—
Grubbs’ catalyst gave a cleaner and a slightly faster reaction, to
afford the product 13 in 79% yield. The stereochemistry in 13
was established by NMR. The double bond was saturated with
hydrogen over Pearlman’s catalyst followed by hydrolysis of the
isopropylidene group. The resulting cyclohexanediol exists in
a chair conformation, and the '"H NMR coupling constants
confirmed the all-syn stereochemistry as shown in 13. Hence,
the imine allylation with benzoate B gave the same major
diastereomer as the allylation of the aldehydes.

In conclusion, we have described a short synthetic method
for preparation of enantiopure conduritols. The key steps are
three organometallic reactions: zinc-mediated fragmentation
of a protected pentose, zinc- or indium-mediated allylation
with 3-bromopropenyl benzoate, and ruthenium-catalysed ring-
closing metathesis. This procedure complements our previously
developed protocol where a protected hexose served as the
starting material.
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Experimental

For general experimental methods, see our earlier work.”® All
sonications were performed in a Branson 1210 sonic bath. Zinc
dust was activated by stirring with 1 M HCI for 5 min followed
by filtration and wash with water, acetone and Et,O, and
then drying under high vacuum with a heatgun. Flash column
chromatography was performed with silica gel 60 (0.035-0.070
mm) while dry column chromatography” was carried out with
silica gel 60 (0.015-0.040 mm).

1,2,7,8-Tetradeoxy-3-benzoyl-5,6-O-isopropylidene-D-allo-octa-
1,7-dienitol (3b)

Zinc (1.04 g, 15.9 mmol) was added to a deoxygenated solution
of methyl furanoside 1 (500 mg, 1.59 mmol) in THF-H,O (4 :
1, 15 mL). The mixture was sonicated at 40 °C under N, for
1 h, at which point TLC revealed full conversion into aldehyde
2. Benzoate B (287 mg, 1.19 mmol) was then added and the
sonication continued at 40 °C. After 1 h another portion of
benzoate B (287 mg, 1.19 mmol) was added and the mixture
was sonicated for an additional 1 h. The mixture was filtered
through Celite, which was then rinsed with Et,O (50 mL). The
filtrate was washed with 0.1 M HCl1 (50 mL), saturated NaHCO;
(2 x 50 mL) and H,O (50 mL). The combined aqueous phases
were extracted with Et,0 (50 mL). The combined organic phases
were dried with MgSO, and absorbed on Celite. Purification by
dry column chromatography (hexane-EtOAc, 19 : 1 — 17 : 3)
gave 371 mg (73%) of 3b as a clear oil. R; 0.28 (heptane—EtOAc,
3:1); [alp —27 (¢ 2.2, CHCLy); vy (neat)/cm™": 3498, 2987,
1718, 1272; 6, (300 MHz, CDCl;): 8.02-7.99 (m, 2H), 7.50 (m,
1H), 7.41-7.35 (m, 2H), 6.07-5.88 (m, 2H), 5.72 (m, 1H), 5.47-
5.33 (m, 3H), 5.22 (ddd, J = 1.2, 1.5, 10.5 Hz, 1H), 4.63 (m,
1H), 3.97-3.96 (m, 2H), 1.46 (s, 3H), 1.30 (s, 3H); d. (75 MHz,
CDCl,): 165.5, 133.7, 133.3, 131.2, 130.2, 129.8, 128.5, 120.2,
118.3, 109.3, 78.7, 77.4, 76.5, 70.9, 28.0, 25.6; Anal. calcd. for
CsH,,0s: C, 67.91; H, 6.97. Found: C, 68.04; H, 6.73%.

(18,25,35,6 R)-3-Benzoyloxy-8,8-dimethyl-2-hydroxy-7,9-
dioxabicyclo[4.3.0lnon-4-ene (4)

Diene 3b (154 mg, 0.48 mmol) was dissolved in deoxygenated
CH,Cl, (10 mL) and Grubbs’ 2™-generation catalyst (41 mg,
0.05 mmol) was added. The solution was stirred under N, for
90 min at 40 °C. A 1.5 M solution of P(CH,OH);, in 2-propanol
(1.2 mL) was then added and the reaction was stirred for an
additional 18 h at 40 °C. The mixture was washed with H,O
(2 x 15 mL), dried and absorbed on Celite. Purification by dry
column chromatography (CH,Cl,-MeOH, 50 : 0 — 49 : 1) gave
129 mg (92%) of 4 as a solid. R; 0.36 (heptane-EtOAc, 1 : 1);
[alo +52 (¢ 1.6, CHCL,); v, (KBr)/cm™": 1720, 1698, 1274; Jy
(300 MHz, CDCl,): 8.12-8.08 (m, 2H), 7.58 (m, 1H), 7.47-7.42
(m, 2H), 6.04 (ddd, J = 1.2,2.9, 10.2 Hz, 1H), 5.94 (ddt, J = 0.5,
3.2,10.3 Hz, 1H), 5.53 (m, 1H), 4.66 (m, 1H), 4.50 (dd, J = 3.2,
6.3 Hz, 1H), 4.16 (dt, J = 3.6, 7.2 Hz, 1H), 2.52 (d, J = 7.2 Hz,
OH), 1.54 (s, 3H), 1.45 (s, 3H); dc (75 MHz, CDCl;): 166.4,
133.4,130.0 (2C), 128.6 (2C), 126.3,111.0,74.4,71.7, 69.1, 66.3,
27.3, 25.9; Anal. calcd. for C,¢H,305: C, 66.19; H, 6.25. Found:
C, 66.33; H, 6.23%.

Conduritol D

Cyclohexene 4 (81 mg, 0.28 mmol) was dissolved in 80% AcOH
(5 mL) and stirred for 1 h at 80 °C. The solvent was removed in
vacuo and the crude product was dissolved in MeOH-H,O (5 :
1, 5mL). NaOH (100 mg) was added and the resulting solution
was stirred for 1 h at room temperature. Saturated NH,Cl (1 mL)
was added and the reaction mixture was absorbed on Celite.
Purification by dry column chromatography (EtOAc-MeOH,
10:0 — 9 : 1) gave 39 mg (94%) of the target compound as a
clear oil. R;0.06 (CH,Cl,-MeOH, 5: 1);dy (300 MHz, CD;0D):





579 (d, J = 1.5 Hz, 2H), 4.10 (d, J = 2.8 Hz, 2H), 3.80 (d, J =
4.7 Hz, 2H); d (75 MHz, CD;0D): 130.3 (2C), 72.0 (2C), 69.1
(2C). NMR data are in accordance with literature values.?®

1,2,7,8-Tetradeoxy-3-benzoyl-5,6-di- O-(tert-butyldimethylsilyl)-
L-talo-octa-1,7-dienitol (8)

Zinc (234 mg, 3.58 mmol) was added to a deoxygenated solution
of methyl furanoside 6 (180 mg, 0.358 mmol) in THF-H,O (4 :
1, 3 mL). The mixture was sonicated at 40 °C for 1 h, at which
point TLC revealed full conversion into aldehyde 7. The reaction
mixture was filtered through Celite, which was then rinsed with
THF-H,O (4 : 1, 2 mL). Benzoate B (129 mg, 0.537 mmol) and
indium (205 mg, 1.79 mmol) were added and the reaction was
sonicated under argon at 40 °C for 1 h. The mixture was filtered
through Celite, which was then washed with Et,O (30 mL). The
organic phase was washed with 1 M HCI (20 mL), saturated
NaHCO; (2 x 20 mL) and H,O (20 mL), dried and absorbed on
Celite. Purification by flash column chromatography (heptane—
EtOAcCc, 25:0 — 24: 1) gave the target compound (140 mg, 78%)
as a clear oil (7 : 2 mixture of diastereomers). R; 0.48 (heptane—
EtOAc, 3 : 1); v, (KBr)/cm™': 3498, 2956, 1723, 1260. For the
major isomer 8: oy (500 MHz, CDCl,): 8.09-8.01 (m, 2H), 7.59
(m, 1H), 7.45-7.39 (m, 2H), 6.20-6.07 (m, 2H), 5.74 (d, J =
7.2 Hz, 1H), 5.48 (d, J = 17.3 Hz, 1H), 5.49-5.21 (m, 3H), 4.42
(m, 1H),4.04 (d, J =8.6 Hz, 1H), 3.67 (dd, J = 4.2, 8.9 Hz, 1H),
0.98-0.88 (m, 18H), 0.18-0.02 (m, 12H); d. (75 MHz, CDCl;):
165.9,134.8,132.9,131.7,130.6, 129.9, 128.4, 120.6, 116.8, 76.3,
75.6, 74.8, 72.0, 26.0, 25.9, 18.2, 18.2, —3.4, —4.4, —4.7, —5.0.
Anal. calcd. for C,,H,,O;Si,: C, 63.98; H, 9.15. Found: C, 63.73;
H, 8.90%.

1,2,7,8-Tetradeoxy-3,4,5,6-tetra- O-acetyl-L-talo-octa-1,7-
dienitol (9)

Compound 8 (424 mg, 0.84 mmol) and NaOH (134 mg,
3.35 mmol) were dissolved in dry MeOH (10 mL) and stirred
under argon for 1.5 h. CH,Cl, (40 mL) was added and the
solution was washed with saturated NH,Cl (2 x 20 mL) and
H,O0 (2 x 20 mL). The combined aqueous phases were extracted
with CH,Cl, (10 mL) and the combined organic phases were
dried and concentrated under reduced pressure. The residue was
dissolved in THF (10 mL), and a 0.5 M solution of TBAF
in THF (4.0 mL) was added. The solution was stirred under
argon for 30 min, after which Ac,O (0.79 mL, 8.4 mmol), Et;N
(1.40 mL, 10.1 mmol) and DMAP (catalytic) were added. After
stirring for another 1.5 h, the reaction mixture was diluted
with Et,O (40 mL) and washed with saturated NaHCO, (2 x
20 mL) and H,O (2 x 20 mL). The combined aqueous phases
were extracted with CH,Cl, (10 mL) and the combined organic
phases were dried and absorbed on Celite. Purification by flash
column chromatography (heptane-EtOAc, 9 : 1 — 8 : 2) gave
the target compound (184 mg, 64%) as a solid (7 : 2 mixture of
diastereomers). R; 0.18 (heptane-EtOAc, 3 : 1); v, (KBr)/cm™":
1746, 1372, 1215. For the major isomer 9: 6, (500 MHz, CDCl;):
5.82(ddd, J = 6.5, 10.6, 17.2 Hz, 1H), 5.69 (ddd, J = 5.1, 10.4,
17.5 Hz, 1H), 5.52 (m, 1H), 5.40 (m, 1H), 5.33-5.21 (m, 6H),
2.09 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H); 6 (75 MHz,
CDCl): 170.1, 169.9, 169.8, 169.7, 132.0, 130.8, 119.9, 118.2,
73.2, 71.4, 70.1, 70.1, 21.1, 21.0, 20.9, 20.9. Anal. calcd. for
CisH,,O4: C, 56.14; H, 6.48. Found: C, 56.36; H, 6.48%. NMR
data are in accordance with literature data."

(+)-Conduritol C tetraacetate (10)

Compound 8 (81 mg, 0.24 mmol) was dissolved in deoxygenated
CH,Cl, (5 mL) and Grubbs’ 2™-generation catalyst (10 mg,
0.012 mmol) was added. The solution was stirred under N,
for 1.5 h at 40 °C. Activated carbon (200 mg) was then added
and the reaction was stirred for an additional 18 h at room
temperature. The mixture was filtered through Celite, dried

and concentrated under reduced pressure. Purification by flash
column chromatography (heptane-EtOAc, 9 : 1 — 8 : 2) gave
70 mg (94%) of the target compound as a solid (7 : 2 mixture of
diastereomers). It was not possible to separate the two isomers by
chromatography, but pure (+)-conduritol C tetraacetate (40 mg)
could be obtained by recrystallisation from MeOH. R; 0.23
(heptane-EtOAc, 1 : 1); v, (KBr)/cm™': 1756, 1372, 1229. For
the major isomer 10: mp 100-101 °C (MeOH) (lit.** mp 96—
97.5 °C); [alo + 200.7 (¢ 1.5, CHCL) (lit.* [a]3 +194 (c 1.1,
CHCly)); 0y (300 MHz, CDCl): 5.78 (m, 1H), 5.68-5.62 (m,
4H), 5.18 (dd, J = 1.4, 8.4 Hz, 1H), 2.12 (s, 3H), 2.06 (s, 3H),
2.03 (s, 3H), 2.02 (s, 3H); o (75 MHz, CDCl;): 170.6, 170.4,
170.1, 169.9, 127.6, 127.2, 70.6, 69.9, 69.6, 67.7, 21.1, 21.0, 20.9,
20.8. Anal. calcd. for C,H;Os: C, 53.50; H, 5.77. Found: C,
53.74; H, 5.82%. NMR data are in agreement with literature
values.”” For the minor isomer: d;; (300 MHz, CDCl;): 5.86 (d,
J = 1.5 Hz, 2H), 5.40 (dd, J = 1.0, 5.6 Hz, 2H), 5.32 (d, J =
5.1 Hz, 2H), 2.09 (s, 6H), 2.06 (s, 6H). d. (75 MHz, CDCl,):
170.2 (2C), 170.0 (2C), 127.8 (2C), 69.4 (2C), 68.3 (2C), 21.1
(2C), 21.0 (2C). NMR data are in accordance with the reported
spectra for conduritol A tetraacetate.?®

Deacetylation of 10 (102 mg) with K,CO; in MeOH followed
by purification by flash chromatography (CH,Cl,-MeOH, 9 :
1 — 8:2) afforded 43 mg (90%) of (+)-conduritol C. R; 0.20
(CHCL:-MeOH, 3 : 1); v, (KBr)/cm™: 3367, 1054, 1022. dy
(500 MHz, CD;0OD): 5.65 (dt, J = 2.2, 10.3 Hz, 1H), 5.56 (m,
1H), 4.27-4.22 (m, 2H), 4.02 (m, 1H), 3.53 (dd, / = 2.1, 7.5 Hz,
1H); é¢ (50 MHz, CD;0D): 130.9, 130.1, 76.2, 74.1, 70.7, 69.6.
NMR data are in accordance with the literature values.?*

1,2,4,7,8-Pentadeoxy-3-benzoyl-4-benzylamino-5,6-O-
isopropylidene-p-allo-octa-1,7-dienitol (11)

Zinc (1.7 g, 26.0 mmol) and TMSCI (0.20 mL, 1.63 mmol)
were added to a deoxygenated solution of methyl furanoside
1 (1.0 g, 3.18 mmol) in anhydrous THF (15 mL). The mixture
was sonicated at 40 °C under N, for 2 h, at which point TLC
revealed full conversion into aldehyde 2. The reaction mixture
was filtered through Celite, and the Celite pad was washed with
anhydrous THF (2 mL). Benzylamine (1.0 mL, 14.2 mmol)
and 3 A molecular sieves (10 g) were added and the reaction
was stirred for 2 h at ambient temperature and then filtered.
Zinc (1.5 g, 22.3 mmol) and benzoate B (1.15 g, 4.77 mmol)
were added and the reaction mixture was sonicated at 40 °C
under N,. After 4 h the mixture was filtered through Celite,
which was then rinsed with Et,O (150 mL). The filtrate was
washed with saturated NaHCO; (4 x 100 mL), saturated NaCl
(2 x 50 mL) and H,O (2 x 50 mL), and the organic phase
dried and absorbed onto Celite. Purification by dry column
chromatography (hexane-EtOAc, 9 : 1 — 8§ : 2) gave 568 mg
(44%) of 11 as a clear oil. R; 0.42 (hexane-EtOAc, 3: 1); [a]p —25
(¢ 1.9, CHCL); vpar(neat)/cm=': 2986, 1723, 1271; 6y (300 MHz,
CDCl;): 8.08-8.01 (m, 2H), 7.57-7.52 (m, 1H), 7.46-7.39 (m,
2H), 7.28-7.21 (m, 5H), 6.04-5.88 (m, 3H), 5.45-5.28 (m, 3H),
5.20 (ddd, J = 1.1, 1.8, 10.3 Hz, 1H), 4.63 (m, 1H), 4.14 (d,
J =12.3 Hz, 1H), 3.88 (dd, J = 6.1, 10.1 Hz, 1H), 3.65 (d, J =
12.6 Hz, 1H), 3.14 (dd, J = 2.5, 10.2 Hz, 1H), 1.48 (s, 3H), 1.31
(s, 3H); dc (75 MHz, CDCL,): 165.6, 140.7, 134.6, 133.2, 132.6,
130.4,129.8, 128.6, 128.5,128.2,127.2,118.5,117.7,108.9, 79.4,
78.5,77.2,59.7, 53.2, 28.2, 25.7. Anal. calcd. for C,sH,,NO,: C,
73.68; H, 7.17; N, 3.44. Found: C, 73.26; H, 7.14; N, 3.25%.

1,2,4,7,8-Pentadeoxy-3-benzoyl-4-(N-benzyl)acetamido-5,6-O-
isopropylidene-p-allo-octa-1,7-dienitol (12)

Aminodiene 11 (446 mg, 1.10 mmol) was dissolved in CH,Cl,
(20 mL), and Ac,O (0.41 mL, 4.38 mmol), Et;N (0.92 mL,
6.57 mmol) and DMAP (13 mg, 0.11 mmol) were added. The
solution was stirred at 40 °C for 2 days. The resulting orange
solution was diluted with CH,Cl, (30 mL), washed with 1 M
AcOH (2 x 10 mL) and H,O (10 mL), dried, and absorbed onto
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Celite. Purification by dry column chromatography (hexane—
EtOAc, 9 : 1 — 8 : 2) gave 12 (284 mg, 70%) as a white
solid (two rotamers by NMR). R; 0.20 (hexane-EtOAc, 3 : 1);
Vmax (KBr)/cm™": 1723, 1638, 1272; 6y (300 MHz, CDCl;, major
rotamer): 8.06 (d, J = 7.2 Hz, 2H), 7.60-7.21 (m, 8H), 6.06-5.89
(m, 2H), 5.74 (ddd, J = 7.2, 10.3, 17.2 Hz, 1H), 5.50-5.15 (m,
SH), 4.59-4.19 (m, 3H), 3.63 (dd, J = 6.2, 7.7 Hz, 1H), 2.15
(s, 3H), 1.41 (s, 3H), 1.23 (s, 3H); d. (50 MHz, CDCl;, major
rotamer): 172.7, 166.3, 134.5, 133.9, 133.6, 132.9, 129.8, 128.7,
128.4, 128.2, 127.6, 126.4, 119.1, 118.9, 108.9, 79.8, 78.9, 74.8,
59.6,47.4,27.9,25.2,22.7.

(18,25,3S5,6R)-3-Benzoyloxy-2-(/N-benzyl)acetamido-8,8-
dimethyl-7,9-dioxabicyclo[4.3.0]lnon-4-ene (13)

Diene 12 (275 mg, 0.61 mmol) and Hoveyda—Grubbs’ 2™-
generation catalyst (38 mg, 0.06 mmol) were dissolved in
deoxygenated toluene (10 mL) and stirred at 80 °C under N,
for 2 h. A 1.5 M solution of P(CH,OH); in 2-propanol (2 mL)
was added and the reaction was stirred for an additional 18 h
at 80 °C. The mixture was washed with H,O (2 x 10 mL),
dried and absorbed onto Celite. Purification by dry column
chromatography (CH,Cl,-MeOH, 100 : 0 — 97 : 3) gave 204 mg
(79%) of 13 as a solid. R; 0.34 (heptane-EtOAc, 1 : 1); [a]p
+138.7 (¢ 1.7, CHCL); v (KBr)/cm~": 2983, 1718, 1651, 1272;
Jn (500 MHz, CDCl;): 8.25 (d, J = 7.2 Hz, 2H), 7.57 (t, J =
7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.26-7.11 (m, 5H), 5.99
(dd, J =5.4,10.1 Hz, 1H), 5.98-5.79 (m, 2H), 5.53 (dd, J = 1.6,
4.0Hz, 1H),5.22(d,J=18.0Hz, 1H),4.74(d, J = 17.9 Hz, |H),
4.61 (m, 1H), 4.31 (d, J = 4.7 Hz, 1H), 2.06 (s, 3H), 1.43 (s, 3H),
0.99 (s, 3H); dc (75 MHz, CDCl;): 172.9, 166.1, 139.0, 133.1,
131.0, 130.3, 129.7, 128.5, 128.5, 126.9, 125.4, 124.4, 110.9,
74.4, 73.5, 66.7, 50.8, 50.5, 28.1, 26.2, 21.9; Anal. calcd. for
C,sH,NO;: C,71.24; H, 6.46; N, 3.32. Found: C, 70.96; H, 6.62;
N, 3.27%.

Cyclohexene 13 and Pd(OH),/C were suspended in THF
and stirred under H, at room temperature for 24 h. The
mixture was filtered and concentrated. The residue was dis-
solved in 80% AcOH, and stirred at 80 °C for 1.5 h. Con-
centration and purification by flash chromatography (EtOAc)
gave (18,25,3S,4R)-1-benzoyloxy-2-(N-benzyl)acetamido-3,4-
dihydroxycyclohexane. dy; (300 MHz, CDCl;): 7.97-7.93 (m,
2H), 7.56 (m, 1H), 7.45-7.39 (m, 2H), 7.26-7.17 (m, 3H), 7.05
(d, J =7.0 Hz, 2H), 5.44 (br s, 1H), 5.06 (d, J = 17.8 Hz, 1H),
4.87 (d, J = 18.0 Hz, 1H), 4.41 (br s, 1H), 4.21 (br s, 1H), 3.72
(m, 1H), 2.06 (s, 3H), 1.70-1.67 (m, 2H), 1.28-1.26 (m, 2H).
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The first examples of transannular ring transformations
in azirino-fused eight-membered O,N- or S,N-heterocycles
involving selective aziridine ring opening and medium-
sized ring contraction are described, which provide an
access to functionalized 1,4-benzox(thi)azines or 1,3-
benzox(thi)azoles.

Transannular cyclizations are actively used not only by organic
synthetic chemists,' but also by Nature to build polycyclic
systems from medium-sized precursors.?> The cyclizations are
mainly used in the preparation of carbocyclic systems' and,
more rarely, of oxygen-containing® or nitrogen-containing*
heterocyclic systems. Transannular reactions involving sulfur are
poorly studied.’ A wide range of transannular cyclizations were
realized in polycyclic systems containing an oxirane ring fused
with medium-sized rings.'®***%¢ Mechanistically they start with
an electrophilic epoxide ring opening and the generation of a
carbocation which is susceptible to cyclization. To the best of
our knowledge only one related cyclization involving azirino-
fused medium-sized rings has so far been realised.” In this letter
we wish to report the unusual transannular reactions involv-
ing O and S atoms of 1,1-dihalogeno-1a,2,3,4-tetrahydro-1H-
azirino[2,1-¢][1,6]benzoxazocines 2a,c and the corresponding
benzothiazocines 2b,d containing an aziridine fused with eight-
membered N,O- or N,S-rings.

Compounds 2 were prepared by the cycloaddition of
dichloro- or fluorochlorocarbenes to the C=N bond?® of 1,6-
benzoxazocine 1a or 1,6-benzothiazocine 1b (Scheme 1).
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" Ph

c” x
1a z=0

1 z=5§ 2a Z=0,X=Cl, 88%

2b Z=S, X=Cl, 48%

2c Z=0,X =F, 66%

2d Z=S, X=F, 32%

Scheme 1

Whilst  1,1-dichloro-1,3,4,8b-tetrahydroazireno[2,1-aliso-
quinolines can give the cleavage products of any of the
three aziridine bonds,*** the most typical transformation of
1,3-diaryl-2,2-dihalogenoaziridines by heating or treating with
nucleophiles is ring opening with cleavage of the N-C(3)
aziridine bond.” One might therefore expect that, on heating
compounds 2a-d, nine-membered heterocycles are formed by
a cleavage of the C(1a)-N(10) bond. Instead, 1,4-benzoxazine

T Electronic supplementary information (ESI) available: Spectro-
scopic data, analytical data and experimental procedures. See DOI:
10.1039/b512409¢
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derivatives 3a,b and 4a,b were isolated after heating azirinobenz-
oxazocine 2a in methanol. Reaction of azirinobenzoxazocine 2a
in trifluoroacetic acid followed by chromatographic purification
on silica yielded benzoxazine 4b in high yield. In the reaction
of azirinobenzoxazocine 2a a transannular ring contraction
reaction occurred along with the opening of the three-membered
ring.

A similar transformation also occurred when the aziri-
nobenzoxazocine 2a was heated with benzylamine in DMSO
solution. In this case a domino reaction terminates after the
formation of an additional piperidine ring, giving the pyrido[3,2-
b][1,4]benzoxazine derivative 5 (Scheme 2).
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2a 272 5 36%
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Ph
Scheme 2

The structure of 5 was determined from its 'H and *C NMR
spectra and further elucidated by X-ray diffraction (Fig. 1).1

Unexpectedly it was found that, in contrast to protic acid
catalysis, the reaction of azirinobenzoxazocine 2a with Lewis
acid gives rise to the formation of a five-membered 1,3-oxazole
ring rather than a six-membered 1,4-oxazine ring. Thus, 1,3-
benzoxazole 6 was isolated as a product of the reaction of 2a
with ZnCl, (Scheme 3).

A similar transformation occurred when azirinobenzoth-
iazocine 2b was reacted with ZnCl,. Benzothiazole 7 was
isolated as the sole product of this reaction. In contrast to
azirinobenzoxazocine 2a, heating azirinobenzothiazocine 2b
in methanol did not, however, result in the formation of a
new six-membered ring. Instead, compound 8, a derivative of
benzothiazole, was obtained in 55% yield. In trifluoroacetic
acid, however, a new six-membered ring (benzthiazine 9) was
formed from both azirinobenzothiazocine 2b as well as from
azirinobenzoxazocine 2a.

This journal is © The Royal Society of Chemistry 2005





Fig.1 X-Ray crystal structure of compound 5.

ZnCl, o Ph
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1)CF3002H o
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Scheme 3

When studying the influence of the nature of the halo-
gen atom on transannular transformations of the azirino[2,1-
e|[1,6]benzoxazocines 2 essential distinctions in reactivity of
dichloroderivatives 2a,b and chlorofluoroderivatives 2¢,d were
found (Scheme 4).

1) ZnCl,

2 ——
2) H,0 4b 100%
MeOH

2 —— 4a + b

53%. 32%

Zncl, _ PRCHNH, s v m
2 ’ “omso

68% 25%
Ph
S
ZnCl,
2d— _
NW)N
Scheme 4

/-BuNH2
DMSO

10 52%

Unlike  dihloro-substituted  azirinobenzoxazocine 2a,
chlorofluoro-substituted azirinobenzoxazocine 2¢ reacts with
zinc chloride to give not the corresponding 1,3-benzoxazole
derivative, but the 1,4-benzoxazine derivative 4b. After
heating azirinobenzoxazocine 2¢ in methanol under the same
conditions as azirinobenzoxazocine 2a only the corresponding
1,4-benzoxazine derivatives 4a,b were isolated.

Treatment of the chlorofluoro-substituted azirinobenzoxa-
zocine 2¢ initially with anhydrous zinc chloride in methy-
lene chloride and then with a primary amine in DMSO
gave the pyrido[3,2-b][1,4]benzoxazine 5. Similarly, pyrido[3,2-
b][1,4]benzothiazine 10 was obtained from azirinobenzothia-
zocine 2d.

These results indicate that the transannular reactions leading
to formation of a five-membered ring are not characteristic
of chlorofluoro-substituted azirinobenzox(thi)azocines 2, even
upon treatment with Lewis acid.

A possible mechanism, accounting for the observed depen-
dence of transunnular reactions on the nature of the halogen and
chalcogene atoms, as well as the reaction conditions, is presented
in the Scheme 5.

R CARpEss

X
B
-HCI
} @[% X=F,Cl (I\—?E
D
ZnC|2
[ZnCly] ™
}m @[Q @f@
_ / cl
[ZnCIz] [ZnCIz] H
F G
X=Cl
Scheme 5

In strong protic acid (CF;CO,H) ring opening of the pro-
tonated aziridine in A occurs by transannular nucleophilic
attack of the endocyclic O or S atom, leading to B. Further
transformations of this intermediate B, including elimination
of HCI and attack by an external nucleophile, will lead to
intermediate E, which is a precursor of all benzox(thi)azine
derivatives obtained in CF;CO,H.

In the absence of a highly acidic medium the usual ther-
mal transformation of dihalogenoaziridine to nine-membered
imidoyl halogenide C occurs.*'® Further transformation of the
imidoyl halogenide C depends on the nature of the chalcogene
(O/S) and on the presence of Lewis acid in the reaction mixture.
The Lewis acid catalyses the transformation of intermediate C to
the onium salt H, firstly, making the imidoylic carbon atom more
electrophilic and secondly, facilitating elimination of a chloride
ion.!! The onium salt H is a precursor of the benzox(thi)azole
derivative J. When Z = S the transformation of C to J can
also be realized in the absence of ZnCl,, possibly because
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of an additional stabilization due to hypervalent bonding in
intermediate I, which is formed by the addition of the S atom
to the C=N bond."”” When X = F the transformation of G
to H cannot, however, be realized since fluoride is a very bad
leaving group and the equilibrium is shifted in the direction of
intermediate D. The six-membered ring compounds are the only
products in this case.

It should be noted that the dichlorides 6,7 can serve as suitable
building blocks for the preparation of 2-pyrrol-2-yl derivatives
of 1,3-benzoxazole and 1,3-benzothiazole. Thus, compounds
11,12 can be easily prepared from the dichlorides 6,7 and
primary amines. These compounds can also be prepared directly
from compounds 2 in a one-pot mode without isolation of
intermediate dichlorides (Scheme 6).

R
RNH Ph
6 2 @[O/ N 11a, R = PhCH,, 83%
N
RNH, s P R
7 P N 12, R = PhCHy, 32%
N
1) ZnCl,
2a ——— > 11b, R = PhCH,CH,, 48%
2) RNH,

Scheme 6

In conclusion, we report the first examples of transannular
ring transformations in azirino-fused eight-membered O,N-
or S,N-heterocycles involving selective aziridine ring opening
and medium-sized ring contraction, which provide an access to
functionalized 1,4-benzox(thi)azines or 1,3-benzox(thi)azoles.
Halogenated  1a,2,3,4-tetrahydro-1H-azirino[2,1-¢][1,6]benz-
oxazocines and benzothiazocines can be considered as attractive
precursors for the preparation of unknown 2,3,4,4a-tetrahydro-
1 H-pyrido[3,2-b][1,4]benzox(thi)azine derivatives by a domino
or one-pot reaction with primary amines.
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Consecutive coupling reactions of butane-2,3-diacetal protected glycolic acid derivatives with Michael acceptors and
aldehydes are reported. An enantiopure sample of this building block was used to kinetically resolve a chiral Michael

acceptor present as a racemic mixture of enantiomers.

Introduction

Multi-component and sequential reaction cascades are proving
useful in complex molecule synthesis, especially for the rapid
production of compound libraries. The one-pot nature of these
processes inevitably leads to a reduction in costs, time and waste
products.” Amongst the more powerful of these processes are
domino or consecutive sequences such as the Ugi reaction® and
related examples, MIMIC chemistry as introduced by Posner
et al.,® and the whole range of tandem reaction sequences.* These
chemistries rapidly produce functionally-dense architectures
useful in many different areas of science. Nevertheless, while
these methods create desirable features around a central core,
more often than not they lack stereocontrol and lead to
mixtures of diastereoisomers. The discovery of new sequences
that give greatly improved enantio- and diastereo-selectivity in
the coupling process is therefore important.

Accordingly, we have studied the use of the butane-2,3-
diacetal (BDA) desymmetrized glycolic acid derivatives 1 and
2% (Fig. 1) for these types of reactions: the excellent levels
of stereocontrol imparted by these building blocks in lithium
enolate alkylation, aldol and Michael reactions, and the abun-
dance of biologically active and pharamaceutically-significant
a-hydroxy acids® make them ideal candidates for such a study.
It was anticipated that 1 and 2 would act as a source of
chirality to influence further stereochemistry in subsequent
C-C bond forming events. Here we report in full on the
highly diastereoselective Michael addition’ reactions of 1 and
2 with a range of acceptors and on new stereoselective, one-
pot consecutive reactions that lead to a-hydroxy acid derivatives
with up to five new stereogenic centres in high yield and high
diastereoisomeric excess.

OMe OMe
#BE( SB#
OMe O o) OMe
1 2

Michael additions

Prior to the study of multi-component coupling reactions we
embarked on a preliminary study to evaluate the diastereose-
lectivity in Michael addition reactions of the lithium enolates
generated from 1 and 2. In the initial experiments, 1 or 2
was treated with lithium hexamethyldisilazide (LHMDS) in
THF at —78 °C and allowed to react with a small series of
Michael acceptors, added via syringe. The crude product was
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purified by silica gel chromatography to give the corresponding
Michael adducts 3-10 (Table 1). The reactions proceeded with
generally good to excellent yields and selectivities. No axially-
alkylated products were observed, and the structures of products
5, 6, 8, and 10 were additionally confirmed by single crystal
X-ray diffraction. The product stereochemistry is consistent
with the Michael acceptor approaching the lithium enolate
from the face opposite to the axial 1,3-related methoxy groups
(see A in Fig. 2).* Also, the assigned configuration of the
products is compatible with a combination of the two trigonal
centres involved in the reaction according to the model shown
in B (Fig. 2).> The Michael acceptor is always approached
by the same face of the enolate, irrespective of its geometry
(Zor E).

-Li Li.
S0 H,,— S o LE
—
H
o/&a 0
H R
o R away from MeO == o}
v dioxane ring
steric shield MeO
A B

Fig. 2 Approaching models of the two trigonal centres in the reaction
of lithium enolates derived from BDA desymmetrized glycolic acid 1
and Michael acceptors.

This reaction was extended to the alkylated glycolates 11 and
13° which underwent highly diastereoselective reactions with
trans-2-nitrostyrene to give the glycolate derivatives 12 and 14,
each bearing a fully-substituted carbon atom (Scheme 1).

OMe OMe
0
o OMe OMe
1 12
OMe Fh OMe
Ph o b
—_—
v;o ON y 5
© OMe Ph & OMe
13 14

Scheme 1 a) KHMDS, trans-2-nitrostyrene, 57%; b) KHMDS,
trans-2-nitrostyrene, 25%.
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Table 1 Asymmetric Michael addition reactions of 1 or 2

Entry Michael acceptor Dr* Yield Product

1 o] 14:1  61% OMe 3
é #BW ©
oz
OMe O
2 [o] 10: 1 35%° OMe 4
O o)
0— H
/ OMe
3 0 13:1  30% o OMe 5
S H
o OMe
4 o] 22:1 63% o OMe 6
O
B (¢]
o) | oY #
o] OMe

5 m 65:1 90% o OMe 7
o“ o ENG O#

6 Ph/\/Noz 34:1 96% OMe O,N 8
7 o /ﬁ/N% 14:1¢ 55% ove O 9
%O =
H Ph
o]

8 NO, 16:1  98% NO, OMe 10
g Oyt
= H
¢}

“Determined by 'H NMR of the crude reaction product. The di-
astereoselectivities indicated reflect ratio at the newly formed side-chain
stereogenic centres. ® 33% of starting BDA-protected glycolic acid was
recovered. ¢ Mixture at the o-position to the nitro group. The dr of each
diastereomer was found to be >20: 1.

To prove that the BDA group could be readily removed,
Michael adducts 3, 7, 8 and 10 were treated with HCl in methanol
to give the corresponding methyl esters 15-18 (Table 2). As
expected, when 7 was reacted under these conditions (entry 2),
we obtained the ring-opened product 16 in 74% yield.

To further illustrate the utility of the Michael adducts, we
transformed the nitrostyrene adduct 8 firstly to functionalised
v-lactam 19 (Scheme 2) by reduction of the nitro group, partial
deprotection and cyclization, and subsequently to a-hydroxy-
v-amino ester 20 by reaction with methoxide in methanol and
finally a catalytic quantity of triphenylphosphine hydrobromide.
This sequence illustrates the potential for diverse changes in the
products which could be of use in compound library generation
at a later stage, or as building-blocks for natural product
synthesis programmes.

Michael-aldol reactions

Sequential Michael-aldol reactions of 1 and 2 were next ex-
plored. Once again, 2 was deprotonated with LHMDS (1 equiv.)
in THF at —78 °C and treated with a Michael acceptor (5,6-
dihydro-2 H-pyran-2-one or coumarin). After 30 min a second
electrophile, either benzaldehyde or anisaldehyde, was added
and the corresponding three-component coupled products 21,
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Table 2 o-Hydroxy methyl ester derivatives obtained from the Michael
adducts

Entry Adduct Yield Product
1 3¢ 94% OH 15
o H
2 7 74% 0, OMe 16
OH
MeO
0 OH
3 8 95% OH 17
MeO._ A
7~ NO,
4 10 91% Ho NO2 18
o H
“The enantiomeric starting material was used.
(6]
ome  ON
o, Ph
o a, b
(0] B MeO
H Ph o)
OMe O N
8 H
19
c-e
(0] Ph

Boc

<
@
,o?
ZT
/

OH
20

Scheme 2  a) Raney-Ni; b) SiO,, 73% over two steps; ¢) (Boc),0, Et;N,
DMAP; d) NaOMe, MeOH; ¢) Ph;PHBr, MeOH, 69% over three steps.

22, 23 (Scheme 3) were obtained as a mixture of only two
diastereoisomers in a process leading to two new C-C bonds
and three new stereogenic centres (Table 3). When trimethyl
borate was added at the intermediate Michael reaction stage,
improved selectivity was noted in the final product.

OMe

21-23

Scheme 3 a) LHMDS (1.05 eq.), THF, —78 °C, 10 min; b) 5,6-dihy-
dro-2 H-pyran-2-one or coumarin; ¢) additive; d) RCHO.

The structures of the products were determined by detailed
'H and *C NMR analysis and, in the case of 21 and 22, single
crystal X-ray diffraction methods. These studies indicate that
the diastereomers are epimeric at the carbon atom that bears
the free hydroxyl group in the final aldol coupling product.
The stereochemical outcome of the reactions suggest the first
Michael acceptor approaches the lithium enolate derived from





Table 3 Michael-aldol reactions

Michael

Entry acceptor R Additive  Dr* Yield®

1 o] Ph — 2.8:1 74% 21
0

2 o] Ph B(OMe); 4.0:1 72% 21
0

3 0 4-MeO-CH, — 25:1 66% 22
0

4 0 4-MeO-C¢H, B(OMe); 5.2:1 63% 22
0

5 Q 4-MeO-CsH, — 32:1 73% 23
8

6 Q 4-MeO-C¢H, B(OMe); 3.3:1 64% 23
8

“Determined by '"H NMR of the crude reaction product. * Yield based
on starting BDA desymmetrised glycolic acid derivative.

Table 4 Michael-Michael reactions

the glycolate 1 as discussed previously. This enolate then
undergoes a syn-aldol addition to the aldehyde presumably
through a closed twist-boat transition state (Fig 3).'%"
Ll
AN
./\\/,’ (o)
R & O
Ry l/ R

1 = BDA moiety

Fig. 3 Proposed transition state for Michael-aldol reactions.

Michael-Michael reactions

A consecutive Michael-Michael reaction was next investigated.
Reaction of the enolate of 1 with either 5,6-dihydro-2 H-pyran-
2-one or coumarin, followed by either tzrans-B-nitrostyrene, 1-
nitro-1-cyclohexene or trans-chalcone led to the corresponding
addition products 24-27 (Scheme 4, Table 4) in a sequence
that established two new C—C bonds and up to five stereogenic
centres in a single step. X-Ray crystallography performed on
crystals of 24, 26 and 27 confirmed the stereochemical outcome.

OMe

Scheme 4 a) LHMDS (1.05 eq.), THF, —78 °C, 10 min; b) 5,6-
dihydro-2H-pyran-2-one or coumarin; c) trans-p-nitrostyrene, 1-ni-
tro-1-cyclohexene or frans-chalcone.

Entry I** component 2 component Dr* Yield® Product

1 o] s 3:1 80% 24
o
0

2 Q e >20:1 81% 25
g

3 9 : _NO, >20:1 90% 26
g

L
4 Ph >20:1 95% 27

“Determined by "H NMR of the crude reaction product. * Yield based on starting BDA desymmetrised glycolic acid derivative.
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Mechanistically, the second Michael addition seems to occur
through a closed (chelated) transition state previously proposed
for related reactions.’

A tandem Michael-Michael-deprotection sequence was also
studied. The enolate of 1 was reacted with coumarin followed
by trans-chalcone, and finally with trimethylsilyl chloride and
methanol to give 28 in 76% overall yield and a diastereomeric
ratio of 20 : 1 (Scheme 5). We have also shown that 25 can
be reduced with Raney-nickel to the primary amine which
spontaneously ring opens the coumarin lactone to give a y-
lactam. This gives 29 after the usual methanolysis (Scheme 6).
These examples illustrate the potential of this methodology
to efficiently obtain highly-functionalized compounds as single
enantiomers from simple starting materials.

OMe
#BQ( a-d_
OMe o MeO

28

Scheme 5 a) LHMDS (1.05 eq.), THF, —78 °C, 10 min; b) coumarin
¢) chalcone; d) MeOH, TMSCI; 76% over four steps; dr 20 : 1.

Scheme 6 a) Raney-Ni; b) MeOH, TMSCI; 86% over two steps.

Kinetic resolution

The lithium enolates of 1 and 2 have been shown to react
well with a range of Michael acceptors, but the scope of this
reaction is limited by their propensity to undergo competitive
aldol and deprotonation processes. For a synthetic project,
we were interested in the Michael addition of 2 with chiral
cyclohexenones such as cryptone 34.* It was hoped that
enantiopure 2 would react more quickly with one enantiomer
of racemic cryptone than the other and thereby result in a
single product bearing three stereocentres in a useful level
of selectivity, without recourse to an asymmetric synthesis of
the Michael acceptor—a non-trivial undertaking.’® A softer,
less basic enolate equivalent was thought necessary to favour
Michael addition over aldol reaction or deprotonation and
the trimethylsilyl ketene acetal 30 was investigated.” It was
found that a one pot,” TBAT™ (tetra-N-butylammonium
triphenyldifluorosilicate)-catalyzed ketene acetal formation and
Michael addition to cryptone gave the ketone 32 in excellent
yield and diastereoselectivity (Scheme 7); the stereochemistry of
32 was confirmed by X-ray crystallography.

The reaction is proposed to proceed through a closed transi-
tion state in which the R enantiomer of cryptone is attacked by
the ketene acetal from the opposite side of the cryptone ring to
the isopropyl group (Fig. 4).7

Trimethylsilyl ketene acetal 30 could also be prepared using
LDA and TMSCI, and purified by distillation.”* When one
equivalent was used to kinetically resolve one equivalent of
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OMe OMe
e
0 o
0 OMe TMSO OMe
2 30

‘b

OTMS
o
(0]
OEt
33
34

Scheme 7 a) 33, TBAT, THF, rt; b) 34 (3 equiv.), TBAT, THF, —78 °C,
¢) TBAF-AcOH, THEF, rt, 85% over three steps, dr 14.1 : 1.5 : 1.0
('"H NMR).

(0]
OMe
o) .
Meov'

Fig. 4 Proposed transition state for Michael reaction of silyl ketene
acetal 30 with (R)-cryptone 34.

cryptone, ketone 32 was obtained ina dr of 8.1:1.2:1.0:0.4
("H NMR; normalized to the minor diastereomer in Scheme 7
above). The enantiomeric excess of recovered cryptone was 92%
(chiral HPLC), and the combined yield of ketone diastereomers
67%. Ketene acetal 30 also underwent a successful Michael
addition with cyclohexenone under TBAT catalysis to yield
ketone 5 as the major diastereomeric product in 89% yield
(Scheme 8). Only a 30% yield of 5 was obtained using the lithium
enolate conditions described above (Table 1).

Kinetic resolution—aldol

A Michael-aldol sequence based on this kinetic resolution was
next investigated. Trimethylsilyl enol ether intermediate 31 was
elaborated to alcohols 36 and 37 in 35% yield from 30 and a
dr of 1.1 : 1 using BF;. THF and propionaldehyde.” As this
aldol reaction was essentially unselective, 31 was brominated
using NBS and the resulting o-bromoketone 38 reacted with
propionaldehyde, triphenyltin hydride and triethylborane® to
give alcohol 36, this time as the only discernable diastereomer.
The stereochemistry of 36 was determined by X-ray analysis,
and can be accounted for by the six-membered transition state
shown (Scheme 9).

Conclusion

It has been shown that 1, 2 and their alkylated derivatives
undergo highly diastereoselective Michael addition reactions
with a range of acceptors. The tandem reaction sequences effect
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0 OMe TMSO OMe
2 30
OMe OTMS
OMe
o b °
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35
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[o) OMe
R (o}
%, y-0
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Scheme 8 a) TMSCI, LDA, THF, —78 °C, 100%; b) cyclohexenone,
TBAT, THF, —78 °C to rt; c. TBAF-AcOH, 0 °C to rt, THF, 89% over
2 steps, dr29.1:1.1: 1 ("H NMR).

o OMe o OMe

OMe OMe

31 38

R: (R,R)-glycolate moiety

Scheme 9 a) C,H;CHO, BF;-Et,0, CH,Cl,, —78 °C, 35% (from 30, dr
1.1:1; b) NBS, THF, 0 °C, 41% (from 30); ¢) Ph;SnH, Et;B, C,H;CHO,
toluene, rt, 63%.

the one-pot assembly of up to five stereocentres to give multi-
functional products rapidly and efficiently with a high level of
stereocontrol. The simplicity of the overall processes and the
high yields of relatively clean products make them ideal for the
design of compound arrays.

The selective kinetic resolution of cryptone 34 marks a new
paradigm in the chemistry of glycolates 1 and 2. To the best of
our knowledge it is the first report of either a TBAT-catalyzed
Michael addition of a silyl ketene acetal, or the use of ethyl
(trimethylsilyl)acetate as the source of silicon in this type of
reaction. Its extension to a variety of other chiral and achiral
Michael acceptors and application in total synthesis is ongoing
and additional results will be disclosed in due course.

Experimental

All reactions were performed under an atmosphere of argon
and carried out using oven dried glassware, cooled under a
continuous stream of argon prior to use, unless otherwise
stated. Diethyl ether (Et,O) and tetrahydrofuran (THF) were
distilled from either sodium benzophenone ketyl or lithium alu-
minium hydride—calcium hydride; dichloromethane (CH,Cl,),
acetonitrile (MeCN), toluene (PhMe) and benzene (PhH) from
calcium hydride; methanol (MeOH) from magnesium methoxide
and triethylamine (Et;N) from potassium hydroxide. All other
reagents and solvents were purified by standard procedures or
were used as supplied from commercial sources. The BDA-
glycolates 1 and 2 were recrystallised to >99% ee (as measured
by chiral GC) before use. Column chromatography was carried
out using Merck Kieselgel (230-400 mesh) or pre-packed silica
columns (Biotage). Melting points were performed on a Reichert
hot stage apparatus and are uncorrected. Boiling points were
measured during distillation. Optical rotations were measured
using a Perkin Elmer Model 343 polarimeter and [a]5 values
are given in 10~ deg cm? g~', concentration (c) in g per 100 ml.
Infrared spectra were recorded on a Perkin Elmer “Spectrum
One” spectrometer equipped with an attenuated total reflectance
(ATR) sampling accessory. Spectra were recorded either neat or
using thin films deposited from chloroform, dichloromethane or
methanol solutions. Microanalyses were determined using a CE-
440 Elemental Analyser. HPLC was performed on an Agilent
1100 series HPLC using HPLC-grade solvents and UV detection
at the specified wavelength. Mass spectra were obtained on
Kratos Concept 1H, Micromass Q-TOF or Bruker BIOAPEX
4.7E T FTICR spectrometers, using electron impact (EI) or
electrospray (ESI) techniques. NMR spectra were recorded on
Bruker DRX-600, DRX-500 or DPX-400 spectrometers, in
CDCl, at 300 K, unless otherwise stated.

(BR,55,6S8,1'S)-5,6-Dimethoxy-5,6-dimethyl-3-
(3-oxocyclopentyl)-[1,4]dioxan-2-one (3)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 1
(38 mg, 0.20 mmol) in THF (1.5 ml) at —78 °C. The pale
yellow solution was stirred for 15 min, warmed to —50 °C,
and stirred for a further 15 min. Cyclopentenone (0.20 pl,
0.24 mmol) was added, and the solution stirred at —50 °C for
3 h. The reaction was quenched by addition of acetic acid (24 pl,
0.4 mmol), diluted with ether (4 ml) and allowed to warm to
rt. After 30 min, the resulting suspension was filtered through
a short plug (1-2 cm) of silica gel, eluting with ether, and the
mixture concentrated in vacuo to give the crude product. This
was purified by column chromatography to give the ketone as
a white solid (33 mg, 61%): dy (400 MHz, CDCl;) 1.37 (3H, s,
Me), 1.50 (3H, s, Me), 2.00-2.06 (2H, m, CHHCH,C(0)), 2.10-
2.20 (1H, m, CH,CHHC(0)), 2.26-2.46 (3H, m, CHCHHC(O),
CH,CHHC(0)), 2.89-2.97 (1H, m, CHCH,C(0)), 3.29 (3H, s,
OMe), 3.43 (3H, s, OMe), 4.22 (1H, d, J 3.9, OCHC(0O)), d¢
(100 MHz, CDCl;) 16.9, 17.7, 24.0, 38.0, 38.5, 40.8, 49.2, 49.9,
72.1,98.2,105.2,169.2, 218.6; vy, (film/cm™") 2953, 1734, 1380,
1257, 1218, 1145, 1117, 1090, 1046, 1025; found (EI): calcd for
C3H,0O4Na [M + Na]* 295.1158, found: 295.1148; mp 129 °C;
[a]Z +133.4 (¢ 1.03, CHCL,).

(3S,5R,6R,1'S)-5,6-Dimethoxy-5,6-dimethyl-3-
(5-oxotetrahydrofuran-3-yl)-|1,4]dioxan-2-one (4)

Lithium bis(trimethylsilyl)amide (0.40 ml, 1 M solution in THF,
0.40 mmol) was added drop-wise to a solution of glycolate 2
(76 mg, 0.40 mmol) in THF (1.2 ml) at —78 °C. The pale yellow
solution was stirred for 15 min. A solution of 2(5H)-furanone
(37 mg, 0.44 mmol in 1.2 ml THF) was drop-wise over 30 min.
The solution was stirred for 30 min at —78 °C, quenched by
addition of silica gel (100 mg), and diluted with ether (8 ml), and
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allowed to warm to rt. After 30 min, the resulting suspension
was filtered through a short plug (1-2 cm) of silica gel, eluting
with ether, and the mixture concentrated in vacuo to give the
crude product. This was purified by column chromatography to
give the ketone as a white solid (38 mg, 35%): oy (400 MHz,
CDCl,) 1.39 (3H, s, Me), 1.50 (3H, s, Me), 2.62 (1H, dd, J 17.8,
8.4, CHHC(0)), 2.67 (1H, dd, J 17.8, 8.8, CHHC(O)), 3.18-
3.26 (1H, m, CHCH,C(0)), 3.31 (3H, s, OMe), 3.43 (3H, s,
OMe), 4.19 (1H, d, J 4.8, OCHC(0O)0O), 4.35 (1H, dd, J 10.9,
7.1, CHHO), 4.37 (1H, dd, J 10.9, 7.1, CHHO); 6 (100 MHz,
CDCl,) 16.8, 17.6, 30.5, 37.4, 49.2, 50.1, 68.7, 70.0, 98.4, 105.6,
168.1,176.1; vy, (film/cm™") 2952, 2844, 1776, 1742, 1459, 1382,
1267, 1217, 1177, 1149, 1118, 1033, 1007; found (EI): calcd for
C,H;O;Na [M + NaJ* 297.0950, found: 297.0952; mp 120-
123 °C; [a]®? —150.2 (¢ 0.48, CHCL,).

(I'R,3S,5R,6R)-5,6-Dimethoxy-5,6-dimethyl-3-
(3-oxocyclohexyl)-[1,4]dioxan-2-one (5)

Procedure 1.  Lithium bis(trimethylsilyl)amide (0.36 ml, 1 M
solution in THEF, 0.36 mmol) was added drop-wise to a
solution of glycolate 2 (62 mg, 0.33 mmol) in THF (2.5 ml)
at —78 °C. After 10 min, a solution of cyclohexenone (32 pl,
0.33 mmol in 0.6 ml THF) was added via cannula. The reaction
was allowed to warm to rt overnight, quenched with acetic acid
(39 pl, 0.65 mmol), diluted with ether (10 ml), filtered through
a pad of silica, eluting with ether (50 ml) and concentrated
in vacuo. The residue was purified by column chromatography
(silica, 3 : 1 petrol : ether with 1% triethylamine, eluting to 2 :
1 petrol : ether with 1% triethylamine) to give the ketone as a
white solid (28 mg, 30%).

Procedure 2. Ketene acetal 30 (1.0 ml, 3.62 mmol) was added
drop-wise to a solution of cyclohexenone (0.29 ml, 3.02 mmol)
and TBAT (18 mg, 33 umol) in THF (4 ml) at —78 °C. The
reaction was allowed to warm to rt overnight and re-cooled to
0°C. A solution of TBAF (1 ml, 1 M solution in THF, 1.0 mmol)
and acetic acid (1 ml, 17.5 mmol) were added and the mixture
allowed to warm to rt and stirred for 4 h. The reaction was
quenched with sodium bicarbonate solution (10 ml), extracted
with ether (3 x 20 ml), washed with brine (20 ml), dried
(magnesium sulfate) and concentrated in vacuo. The residue
was purified by column chromatography (Biotage, silica, 1 : 1
petrol : ether) to give the ketone as a white solid (769 mg,
89%): oy (400 MHz; CDCl;) 1.37 (3H, s, Me), 1.47 (3H, s,
Me), 1.59-1.63 (1H, m, CHHCH,C(0)), 1.66-1.70 (1H, m,
CHHCH,CH,C(0)), 1.79-1.86 (1H, m, CHHCH,CH,C(0)),
2.05-2.11 (1H, m, CHHCH,C(0)), 2.20-2.28 (1H, td, J 13.1,
6.3, CH,CHHC(O)), 2.33-2.46 (4H, m, CHCH,C(O), 2 x
CHCHHC(0O), CH,CHHC(0)), 3.27 (3H, s, OMe), 3.40 (3H, s,
OMe), 4.00 (1H, d, J 2.2, OCHC(O)); 6. (100 MHz; CDCl;)
16.9,17.8,24.7,25.4,40.9,41.1,43.8,49.1,49.9,73.1,98.2,105.1,
168.8, 210.7; vy (film)/cm™" 2951, 1749, 1712, 1450, 1381,
1256, 1224, 1148, 1124, 1036; found (ESI) [MNa]* 309.1380,
CsH»O¢Na requires 309.1314; mp 79-81 °C; [a]Z —167.2 (¢
0.5, CHCl); found C 58.70%, H 7.68%, C,;H»,O; requires C
58.72%, H 7.74%.

(3S,5R,6R,1’ R)-5,6-Dimethoxy-5,6-dimethyl-3-
(2-oxotetrahydropyran-4-yl)-[1,4]dioxan-2-one (6)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 1
(38 mg, 0.20 mmol) in THF (1 ml) at —78 °C. The pale yellow
solution was stirred for 15 min. 5,6-Dihydro-2H-pyran-2-one
(17 ul, 0.20 mmol) was added, and the solution stirred for at
—78 °C for 30 min. The reaction was quenched by addition
of acetic acid (24 pl, 0.4 mmol), diluted with ether (4 ml) and
allowed to warm to rt. After 30 min, the resulting suspension was
filtered through a short plug (1-2 cm) of silica gel, eluting with
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ether, and the mixture concentrated in vacuo to give the crude
product. Unreacted 5,6-dihydro-2 H-pyran-2-one was removed
by heating the crude product to 100 °C under a vacuum of
approximately 1 mmHg, and the residue purified by column
chromatography to give the lactone as a white solid (36 mg,
63%): oy (400 MHz, CDCl;) 1.27 (3H, s, Me), 1.30 (3H, s, Me),
2.60 (3H, s, OMe), 2.84 (1H, dd, J 16.2, 1.7), 2.92 (1H, dd, J
16.2,7.2), 3.31 (3H, s, OMe), 3.76-3.79 (1H, m, CHCH,C(0O)),
437 (1H, d, J 3.2, OCHC(0)), 7.03-7.08 (2H, m, Ar), 7.18
(1H, dd, J 7.6, 1.7, Ar), 7.25-7.29 (1H, m, Ar); d- (100 MHz,
CDCl,) 16.2,17.5,32.9,37.7,49.4,49.4,74.9,98.5, 105.4, 116.8,
120.4, 124.0, 129.1, 129.6, 153.3, 167.5, 167.7; vy (ilm/cm™")
1743, 1384, 1260, 1150, 1035; found (ESI) [MNa]* 311.1107,
C;H,0,Na requires 311.1103; mp 129-131 °C; [a]5 —161.6
(¢ 0.80, CHCL,).

(4S8,3'S,5 R,6' R)-4-(5,6-Dimethoxy-5,6-dimethyl-3-oxo-
[1,4]dioxan-2-yl)-chroman-2-one (7)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 1
(38 mg, 0.20 mmol) in THF (1.5 ml) at —78 °C. The pale yellow
solution was stirred for 15 min. Coumarin (32 mg, 0.20 mmol,
solution in 0.5 ml THF) was added, and the solution stirred for
at —78 °C for 30 min. The reaction was quenched by addition
of acetic acid (24 pl, 0.4 mmol), diluted with ether (4 ml) and
allowed to warm to rt. After 30 min, the resulting suspension was
filtered through a short plug (1-2 cm) of silica gel, eluting with
ether, and the mixture concentrated in vacuo to give the crude
product. This was purified by column chromatography to give
the lactone as a white solid (60 mg, 90%): dy (400 MHz, CDCl;)
1.27 (3H, s, Me), 1.30 (3H, s, Me), 2.60 (3H, s, OMe), 2.84 (1H,
dd, J 16.2, 1.7), 2.92 (1H, dd, J 16.2, 7.2), 3.31 (3H, s, OMe),
3.76-3.79 (1H, m, CHCH,C(0)), 4.37 (1H, d, J 3.2, OCHC(0)),
7.03-7.08 (2H, m, Ar), 7.18 (1H, dd, J 7.6, 1.7, Ar), 7.25-7.29
(1H, m, Ar); . (100 MHz, CDCl;) 16.2, 17.5, 32.9, 37.7, 49.4,
49.4,74.9,98.5, 1054, 116.8, 120.4, 124.0, 129.1, 129.6, 153.3,
167.5,167.7; oy (film/cm~") 2942, 1771, 1741, 1613, 1589, 1491,
1456, 1425,1379, 1361, 1346, 1289, 1263, 1242, 1217, 1167, 1147,
1130, 1109, 1076, 1035, 1002; found (ESI): caled for C;;H,,0,Na
[M + Na]* 359.1107, found: 359.1109; mp 176 °C; [a] —211.6
(c 0.85, CHCL,).

(BR,5S8,65,1'S)-5,6-Dimethoxy-5,6-dimethyl-3-(2-nitro-
1-phenyl-ethyl)-[1,4]dioxan-2-one (8)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 1
(38 mg, 0.20 mmol) in THF (1.5 ml) at —78 °C. The pale yellow
solution was stirred for 15 min. frans-2-Nitrostyrene (30 mg,
0.20 mmol, solution in 0.5 ml THF) was added, and the solution
stirred for at —78 °C for 15 min. The reaction was quenched by
addition of acetic acid (24 pl, 0.4 mmol), diluted with ether (4 ml)
and allowed to warm to rt. After 30 min, the resulting suspension
was filtered through a short plug (1-2 cm) of silica gel, eluting
with ether, and the mixture concentrated in vacuo to give the
crude product. This was purified by column chromatography to
give the nitroalkane as a white solid (65 mg, 96%): 6y (400 MHz,
CDCl,) 1.34 (3H, s, Me), 1.42 (3H, s, Me), 2.73 (3H, s, OMe),
3.32 (3H, s, OMe), 4.23 (1H, ddd, J 9.6, 6.3, 3.5, CHPh), 4.51
(1H, d, J 3.5, OCHC(0)), 4.70 (1H, dd, J 12.8, 6.3, CHHNO,),
5.03 (1H, dd, J 12.8, 9.6, CHHNO,), 7.27-7.36 (5H, m, Ph); o
(100 MHz, CDCl;) 16.8, 17.7, 45.0, 49.0, 49.2, 70.5, 75.8, 98.6,
105.2, 128.1, 128.2, 129.9, 134.3, 167.2; v,,, (film/cm™") 2968,
2366,2068, 1721, 1551, 1497, 1457, 1427, 1379, 1353, 1328, 1292,
1255, 1217, 1155, 1116, 1080, 1048, 1034, 1012; found (EI): calcd
for C,sH, O;NNa [M + Na]" 362.1216, found: 362.1211; mp
108 °C; [a]® +145.0 (¢ 1.00, CHCL,).





(BR,58,68,1'S,2' R)-5,6-Dimethoxy-5,6-dimethyl-3-(2-nitro-1-
phenylpropyl)-[1,4]dioxan-2-one (major diastereomer) (9) and
(BR,5S,6S8,1'S,2'S)-5,6-dimethoxy-5,6-dimethyl-3-(2-nitro-1-
phenylpropyl)-[1,4]dioxan-2-one (minor diastereomer)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate
1 (38 mg, 0.20 mmol) in THF (1 ml) at —78 °C. The pale
yellow solution was stirred for 15 min. 2-Nitro-1-phenylpropene
(36 mg, 0.22 mmol, solution in 0.5 ml THF) was added, and
the solution stirred for at —78 °C for 30 min. The reaction
was quenched by addition of acetic acid (30 ul, 0.5 mmol,
solution in 0.5 ml ether), diluted with ether (4 ml) and allowed
to warm to rt. After 30 min, the resulting suspension was
filtered through a short plug (1-2 cm) of silica gel, eluting with
ether, and the mixture concentrated in vacuo to give the crude
product. This was purified by column chromatography to give
the nitroalkanes as white solids (39 mg, 55% and 21 mg, 30%):
(major diastereomer) Jdy (400 MHz, CDCl;) 1.31 (3H, s, Me),
1.41 (3H, s, Me), 1.75 (3H, d, J 6.6, CHMe), 2.62 (3H, s, OMe),
3.34 (3H, s, OMe), 3.81 (1H, dd, J 11.2, 3.2, CHPh), 4.55 (1H,
d, J 3.2, CHCO), 5.29 (1H, dq, J 11.2, 6.6, CHMe), 7.21-7.23
(3H, m, Ph), 7.33-7.35 (2H, m, Ph); 6 (100 MHz, CDCl;) 16.8,
17.7,18.3, 48.9, 49.3, 50.6, 70.6, 84.8, 98.7, 105.0, 127.8, 127.9,
130.5, 133.9, 167.2; vy, (film/cm™") 2942, 1737, 1552, 1495,
1456, 1382, 1353, 1328, 1296, 1256, 1199, 1178, 1152, 1119,
1081, 1049, 1035; found (EI): caled for C;H,;O,NNa [M +
Na]* 376.1372, found: 376.1356; mp 153 °C; [a]5 +60.0 (¢ 0.15,
CHCI,); (minor diastereomer) dy4 (400 MHz, CDCl;) 1.31 (3H, s,
Me), 1.35 (3H, d, J 6.8, CHMe), 1.43 (3H, s, Me), 2.68 (3H, s,
OMe), 3.27 (3H, s, OMe), 3.83 (1H, dd J 11.4, 3.2, CHPh),
4.33 (1H, d, 3.2, CHCO), 5.32 (1H, dq J 11.4, 6.8, CHMe),
7.27-7.29 (3H, m, Ph), 7.34-7.36 (2H, m, Ph); d. (100 MHz,
CDCl;) 16.8, 17.7, 18.8, 48.9, 49.2, 50.9, 70.2, 83.4, 98.5, 105.1,
128.0, 128.2, 130.8, 133.8, 167.2; vy, (film/cm™") 2947, 1740,
1547, 1499, 1457,1391, 1380, 1356, 1329, 1296, 1263, 1215, 1179,
1147,1119, 1078, 1029, found (EI): caled for C,;H,;O;NNa[M +
Na]* 376.1372, found: 376.1364; mp 117-119 °C; [a]5 +139.3
(c 0.41, CHCl,).

(3S,5R,6R,1'R,2' S)-5,6-Dimethoxy-5,6-dimethyl-3-
(2-nitrocyclohexyl)-[1,4]dioxan-2-one (10)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate
1 (38 mg, 0.20 mmol) in THF (1 ml) at —78 °C. The pale
yellow solution was stirred for 15 min. 1-Nitro-1-cyclohexene
(25 ul, 0.22 mmol, solution in 0.5 ml THF) was added, and
the solution stirred at —78 °C for 30 min. The reaction was
quenched by addition of acetic acid (30 pl, 0.5 mmol), diluted
by drop-wise addition of ether (3 ml), stirred for 10 min at
—78 °C and allowed to warm to rt. After 30 min, the resulting
suspension was filtered through a short plug (1-2 cm) of
silica gel, eluting with ether, and the mixture concentrated in
vacuo to give the crude product. This was purified by column
chromatography to give the nitroalkane as a white solid (62 mg,
98%): oy (400 MHz, CDCl;) 1.32 (3H, s, Me), 1.33-1.39
(1H, m, CHHCH,CHNO,), 1.44 (3H, s, Me), 1.50-1.61 (2H,
m, CHHCH,CH,CHNO,, CHHCHCHNO,), 1.74-1.82 (1H,
m, CHHCHNO,), 1.84-1.93 (2H, m, CHHCH,CH,CHNO,,
CHHCH,CHNO,), 2.00-2.13 (1H, m, CHHCHCHNO,), 2.31-
2.35, 1H, m, CHHCHNO,), 2.52-2.58 (1H, m, CHCHNO,),
3.27 (3H, s, OMe), 3.37 (3H, s, OMe), 4.33 (1H, d, J 3.6,
OCHC(0), 4.83 (1H, q, J 4.3, CHNO,); . (100 MHz, CDCl;)
16.6, 17.6, 20.5, 22.4, 24.0, 29.5, 41.8, 49.3, 49.8, 71.9, 84.2,
98.0, 105.3, 168.7; vy, (film/cm™") 2948, 1744, 1550, 1449,
1379, 1268, 1148, 1035; found (ESI): calcd for C,;H,;O,NNa
[M + Na]* 340.1372, found: 340.1373; mp 131 °C; [a]; —204.2
(c 0.24, CHCl,).

(3S,5R,6R)-5,6-Dimethoxy-3,5,6-trimethyl-3-(( R)-2-nitro-1-
phenylethyl)-[1,4]dioxan-2-one (12)

Potassium bis(trimethylsilyl)amide (0.5 M in toluene, 0.84 ml,
0.42 mmol) was added drop-wise to a stirred solution of (R,R)-
137 (77 mg, 0.38 mmol) in THF (0.75 ml) at —78 °C. After
stirring for 15 min, frans-2-nitrostyrene (57 mg, 0.38 mmol)
in THF (0.63 mmol) was added drop-wise via cannula. The
solution was stirred for a further 4 h at —78 °C then acetic
acid (50 pul, 0.84 mmol) was added and the solution warmed to
rt. The reaction mixture was filtered through a small plug of
silica gel, eluting with ether (20 ml) and the filtrate concentrated
in vacuo. The residue was purified by column chromatography
(ether—petrol 1 : 9 then 3 : 17) to give the nitroalkane as a white
prisms (64 mg, 57%): oy (400 MHz, CDCIL;) 1.34 (3H, s, Me),
1.43 (3H, s, Me), 1.49 (3H, s, Me), 3.07 (3H, s, OMe), 3.24 (3H, s,
OMe), 4.16 (1H, dd, J 10.6, 4.8, PhCH), 4.85 (1H, dd, J 13.5,
10.6, O,NCHH), 4.97 (1H, dd, J 13.5, 4.8, O,NCHH), 7.24-
7.28 (5H, m, Ph); 6 (100 MHz, CDCI,;) (100 MHz, CDCl;)
17.5, 18.0, 24.7, 49.4, 49.5, 50.7, 75.5, 77.1, 99.0, 106.1, 127.86,
127.87, 130.4, 134.7, 170.8; vy, (film/cm™') 2950, 1737, 1554,
1378; Found (ES): [MNa]* 376.1385, C;;H,;NO;Na requires
376.1372; mp 116-118 °C; [a]Z —99.1 (c 0.32, CHCL,); anal.
calc. for C,;H,;NO, C, 57.78; H, 6.56; N, 3.96; Found: C, 58.08;
H, 6.62; N, 3.84%.

(3S,5R,6 R)-3-Benzyl-5,6-dimethoxy-5,6-dimethyl-3-(( R)-2-
nitro-1-phenylethyl)-[1,4]dioxan-2-one (14)

Potassium bis(trimethylsilyl)amide (0.5 M in toluene, 0.42 ml,
0.21 mmol) was added drop-wise to a stirred solution of (R,R)-
139 (53 mg, 0.19 mmol) in THF (0.4 ml) at —78 °C. After stirring
for 15 min, trans-2-nitrostyrene (29 mg, 0.19 mmol) was added
in THF (0.6 ml) drop-wise via cannula. The solution was stirred
for a further 60 min at —78 °C then acetic acid (26 ul, 0.42 mmol)
was added and the solution warmed to rt. The reaction mixture
was filtered through a small plug of silica gel, eluting with ether
(20 ml) and the filtrate concentrated in vacuo. The residue was
purified by column chromatography (ether—petrol 1 : 9 then 3 :
17) to give the nitroalkane as a white prisms (20 mg, 25%):
Jou (400 MHz, CDCl;) 1.44 (3H, s, Me), 1.48 (3H, s, Me),
3.01 (3H, s, OMe), 3.12 (1H, d, J 14.8, CHHPh), 3.22 (3H, s,
OMe), 3.28 (1H, d, J 14.8, CHHPh), 4.26 (1H, dd, J 11.7,
3.8, CHPh), 4.89 (1H, dd, J 13.3, 11.7. CHHNO,), 5.16 (1H,
dd, J 13.3, 3.8, CHHNO,), 7.10-7.15 (2H, m, Ph), 7.15-7.22
(3H, m, Ph), 7.22-7.29 (5H, m, Ph); §. (100 MHz, CDCl;) 17.6,
18.3,42.0, 48.6, 49.4, 49.8, 75.9, 81.0, 99.4, 106.4, 127.1, 127.7,
127.8, 128.4, 130.6, 130.8, 134.1, 135.4, 168.9; vy, (flm/cm™")
2949, 1743, 1555, 1379; found (ES): [MNa]* 452.1694,
Cy;;H,NO,Na requires 452.1685; mp 162-163 °C; [a]Z —90.8
(¢ 0.25, CHCL,).

General procedure for the preparation of 15-18

A solution of HClin MeOH was prepared by adding trimethylsi-
lyl chloride (0.35 ml) to MeOH (5 ml) at 0 °C. This solution was
added to 1 mmol of adduct and the mixture allowed to stir at rt
for 1 h. The solution was concentrated in vacuo and the residue
purified by column chromatography.

Methyl (S,5)-hydroxy-(3-oxocyclopentyl)acetate (15). Clear
gum: dy (400 MHz, CDCl;) 1.77-1.95 (2H, m, CHHCH,C(0)),
2.12-2.19 (2H, m, CHCHHC(O), CHHC(0O)), 2.29-2.41
(2H, m, CHCHHC(O), CHHC(O)), 2.59-2.66 (1H, m,
CHCH,C(0)), 2.85 (1H, d, J 5.0, OH), 3.83 (3H, s, OMe),
4.24 (1H, t, J 5.0, CHOH); 6. (100 MHz, CDCl,) 23.2, 38.1,
40.0, 41.0, 52.8, 71.6, 174.5, 217.8; vy, (film/cm™") 3442, 2958,
1728, 1439, 1403, 1211, 1158, 1105, 1076, 1015; found (ESI):
[MNa]* 195.0641, CyH,,0,Na requires 195.0633; [a]s +59.0
(¢ 1.00, CHCl,).
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Dimethyl (2.5,35)-2-hydroxy-3-(2-hydroxyphenyl)pentanedioate
(16). Clear gum: J (400 MHz, CDCl;) 2.87 (1H, dd, J 16.8,
7.0, CHHCO,Me), 3.15 (1H, dd, J 16.8, 8.3, CHHCO,Me),
3.65 (3H, s, OMe), 3.69 (3H, s, OMe), 3.83 (1H, ddd, J 8.3, 7.0,
3.3, CHAr), 4.68 (1H, d, J 3.3, CHOH), 6.80 (1H, dt, J 7.5,
1.1, Ar), 6.86 (1H, dd, J 8.1, 1.1), 7.05 (1H, dd, J 7.5, 1.6, Ar),
7.13 (1H, dt, J 7.8, 1.6), 7.60 (1H, br s, OH); . (100 MHz,
CDCl,) 34.6, 42.7, 51.9, 52.8, 73.5, 118.1, 120.5, 124.3, 129.3,
131.3, 154.9, 172.7, 173.3; vy, (film/cm™") 3417, 2956, 1738,
1456, 1224, 1107; found (ESI): [MNa]* 291.0847, C;;H,,0O4Na
requires 291.0845; [a]5 +37.8 (¢ 0.55, CHCL).

Methyl (2R,35)-2-hydroxy-4-nitro-3-phenylbutyrate (17).
White solid: d, (400 MHz, CDCl;) 2.96 (1H, d, J 5.6, OH),
3.68 (3H, s, OMe), 3.97-4.02 (1H, m, CHPh), 4.55-4.58 (1H,
m, CHOH), 4.77 (1H, dd, J 13.4, 7.2, CHHNO,), 5.00 (1H, dd,
J 13.4, 8.1, CHHNO,), 7.22-7.31 (5H, m, Ph); §. (100 MHz,
CDCl,) 46.5, 52.8, 70.8, 76.2, 128.5, 128.5, 128.8, 134.1, 172.7;
Vmax (film/cm™") 3234, 2973, 1733, 1677, 1606, 1541, 1491, 1456,
1380, 1345, 1264, 1239, 1215, 1177, 1148, 1119, 1100, 1047,
1033; found (ES): [MNa]* 262.0686, C,;H;;NOsNa requires
262.0691; mp 74-76 °C; [a]5 —17.2 (¢ 0.72, CHCL,).

Methyl (S,1’R,2'S)-hydroxy-(2-nitrocyclohexyl)-acetate (18).
White solid: Jy; (400 MHz, CDCl;) 1.28-1.41 (1H, m,
CHHCH,CH,CHNO,), 1.54-1.61 (1H, m, CHHCH,CHNO,),
1.64-1.85 (3H, m, CHHCHCHNO,, CHHCH,CHNO,,
CHHCHNO,), 1.88-1.93 (1H, m, CHHCH,CH,CHNO,),
1.96-2.06 (1H, m, CHHCHCHNO,), 2.15-2.21 (1H, m,
CHCHNO,), 2.32-2.42 (1H, m, CHHCHNO,), 2.75 (1H, d,
J 5.8, OH), 3.80 (3H, s, OMe), 4.35 (1H, t, J 5.7, CHOH),
4.74-4.79 (1H, m, CHNO,); . (100 MHz, CDCl;) 20.7, 22.5,
24.3,29.9, 43.6, 52.8, 71.8, 83.2, 174.0; v, (film/cm™") 3476,
2928, 1738, 1547, 1449, 1376, 1222, 1121; found (ESI): [MNa]*
240.0843, CyH;sNOsNa requires 240.0848; mp 56-57 °C; [a]®
+30.0 (¢ 0.14, CHCI,).

(3R ,45)-3-((S)-1-Methoxy-1-methyl-2-oxopropoxy)-4-
phenylpyrrolidin-2-one (19)

Raney-nickel (0.30 g, 50% suspension in water) was rinsed with
MeOH (5 ml x 5) and EtOAc (5 ml x 2) and suspended in
EtOAc (5 ml). Glycolate 8 (50 mg, 0.18 mmol) was added to
this suspension and the reaction stirred under a balloon of
hydrogen for 16 h.?! The Raney-nickel was removed by filtration,
the solution concentrated in vacuo, and re-dissolved in CH,Cl,
(5 ml). Silica gel (200 mg) was added and the suspension stirred
at rt overnight. The suspension was filtered and concentrated
in vacuo, and the residue purified by column chromatography
(silica, EtOAc) to give the lactam as a clear oil (32 mg, 78%):
oy (400 MHz; CDCl,) 1.02 (3H, s, MeC), 2.22 (3H, s, MeC(0)),
3.22 (3H, s, OMe), 3.38 (1H, dd, J 9.6, 8.4, CHPh), 3.52 (1H,
q, J 8.3, CHHNH), 3.72 (1H, ddd, J 9.7, 8.3, 1.4, CHHNH),
4.52 (1H, d, J 8.4, CHO), 6.29 (1H, br s, NH), 7.27-7.30 (3H,
m, Ph), 7.35-7.38 (2H, m, Ph); . (125 MHz; CDCl;) 21.5, 26.1,
29.7, 46.0, 49.6, 51.0, 75.3, 102.8, 127.8, 129.0, 139.3, 173.9,
205.9; Vo, (film/cm=") 3282, 2920, 1717, 1491, 1456, 1356, 1254,
1167, 1116, 1047; found (ESI) [MNa]* 300.1205, C,sH;,NO,Na
requires 300.1212; [a]? (ent-19) —24.4 (¢ 0.14, CHCL,).

Methyl (2R,3.5)-4-tert-butoxycarbonylamino-2-hydroxy-3-
phenylbutyrate (20)

Triethylamine (11 pl, 0.08 mmol), fert-butoxycarbonylanhydride
(35 mg, 0.16 mmol) and 4-dimethylaminopyridine (cat) were
added to a solution of lactam 19 (22 mg, 0.08 mmol) in CH,Cl,
(1 ml) at rt. The solution was stirred overnight, concentrated
in vacuo and the residue directly purified by column chro-
matography to give N-Boc 19 (29 mg, 95%). Sodium methoxide
(0.39 ml, 0.33 M solution in MeOH, 0.13 mmol) was added
to a solution of N-Boc 19 (49 mg, 0.13 mmol) in MeOH at
0 °C. After 1 h, additional sodium methoxide (0.08 ml, 0.33 M
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solution in MeOH, 0.03 mmol) was added and the solution
stirred for 30 min. The reaction was diluted with ether (2 ml) and
ammonium chloride solution (2 ml), extracted with ether (5 ml),
washed with brine (5 ml), dried (MgSO,) and concentrated in
vacuo. The residue was purified by column chromatography
(silica, petrol : EtOAc 1 : 1) to give O-C(Me)(OMe)C(O)Me
20 (40 mg, 76%). Triphenylphosphine hydrobromide (0.3 ml,
0.01 M solution in MeOH, 3 pmol) was added to a solution
of O-C(Me)(OMe)C(O)Me 20 (14 mg, 0.034 mmol) in MeOH
(2 ml) at rt. The solution was stirred overnight and concentrated
in vacuo, and the residue purified by column chromatography
(silica, petrol : ether 1 : 1 to 1 :2) to give 20 as a clear gum
(10 mg, 95%; 69% over three steps): oy (400 MHz; CDCl;) 1.44
(9H, s, C(Me);), 3.27-3.35 (2H, m, OH, CHPh), 3.41-3.46 (1H,
m, CHH), 3.62 (3H, s, OMe), 3.72-3.80 (1H, m, CHH), 4.55
(I1H,dd, J 5.6,3.1, CHOH), 4.74 (1H, br s, NH), 7.23-7.30 (5H,
m, Ph), dc (100 MHz; CDCl;) 28.4, 42.3, 48.9, 52.3, 71.3, 79.8,
127.6, 128.4, 128.8, 137.1, 156.5, 173.8; vp,, (film)/cm™" 3360,
2977,1738,1712, 1518, 1454, 1393, 1367, 1251, 1169, 1118, 1014;
found (ESI) [MNa]* 332.1462, C,H,;NOsNa requires 332.1474;
[a]® —18.2 (¢ 0.70, CHCL,).

(3S,5R,6R)-3-|(3R,4R)-3-((R)-Hydroxyphenylmethyl)-2-
oxotetrahydropyran-4-yl]-5,6-dimethoxy-5,6-dimethyl-
[1,4]dioxan-2-one (major diastereomer) (21) and (35,5R,6RR)-
3-[(3R,4R)-3-((:S)-hydroxyphenylmethyl)-2-oxotetrahydropyran-
4-yl]-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxan-2-one (minor
diastereomer)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (1.5 ml) at —78 °C. The pale yellow
solution was stirred for 15 min. 5,6-Dihydro-2 H-pyran-2-one
(20 mg, 0.20 mmol) was added, and the solution stirred for 1 h
at —78 °C. Benzaldehyde (25 mg, 0.24 mmol) was added, and the
solution stirred for 30 min at —78 °C. The reaction was quenched
by addition of acetic acid (24 ul, 0.4 mmol), diluted with ether
(4 ml) and allowed to warm to rt. After 30 min, the resulting
suspension was filtered through a short plug (1-2 cm) of silica
gel, eluting with ether, and the mixture concentrated in vacuo to
give the crude product. Unreacted 5,6-dihydro-2 H-pyran-2-one
and benzaldehyde was removed by heating the crude product
to 100 °C under a vacuum of approximately 1 mmHg, and the
residue purified by column chromatography (silica, ether) to give
the alcohol as a white solid (58 mg, 74%): (major diastereomer)
oy (400 MHz, CDCl;) 1.28 (3H, s, Me), 1.38 (3H, s, Me), 1.58—
1.65 (1IH, m, CHHCHHO), 1.95-2.04 (1H, m, CHHCHHO),
291 (3H, s, OMe), 2.97 (1H, d, J 4.4, OH), 3.00-3.06 (1H,
m, CHCHC(0)0), 3.09 (1H, d, J 2.7, OCHC(0O)0O), 3.13-3.18
(IH, m, CHCHC(O)OCHH), 3.34 (3H, s, OMe), 4.20 (1H, dt,
J 10.5,2.4, CHHOC(0)), 4.36-4.41 (1H, m, CHHOC(0)), 5.52
(IH, s, CHOH), 7.29 (1H, d, J 7.3, Ph), 7.36 (2H, t, J 7.3,
Ph), 7.47 2H, d, J 7.5, Ph); d. (100 MHz, CDCl;) 16.8, 17.5,
24.1, 33.5, 48.3, 49.0, 49.8, 67.6, 71.3, 73.7, 98.1, 105.1, 125.8,
128.0, 128.8, 141.0, 168.3, 173.4; v,,, (film/cm™") 3423, 2951,
1726, 1453, 1384, 1276, 1215, 1151, 1133, 1086, 1053, 1035;
found (ESI): calcd for C,)H,sOsNa [M + Na]* 417.1525, found:
417.1531; mp 189-191 °C; [a]5 —89.3 (¢ 0.8, CHCl;); (minor
diastereomer)dy (400 MHz, CDCl;) 1.36 (3H, s, Me), 1.44 (3H, s,
Me), 1.68 (1H, dqn, J 7.3, 3.3, CHHCHHO), 1.94 (1H, dqn, J
7.3,3.2, CHHCHHO), 2.74 (1H, dq, J 7.1, 2.8, CHCHC(0)0),
3.21 (3H, s, OMe), 3.22-3.25 (1H, m, CHCHC(O)OCHH), 3.36
(3H, s, OMe), 3.75 (IH, d, J 3.7, OH), 3.77 (1H, d, J 2.8,
OCHC(0)0), 3.89 (1H, ddd, J 10.9, 7.8, 3.3, CHHOC(0O)),
4.35 (1H, ddd, J 10.9, 7.4, 3.2, CHHOC(0)), 5.18 (1H, dd, J
6.2,3.7, CHOH), 7.29-7.39 (3H, m, Ph), 7.43-7.46 (2H, m, Ph);
dc (100 MHz, CDCl;) 16.9, 17.6, 24.5, 34.9, 47.5, 49.3, 49.9,
67.3, 71.7, 74.5, 98.3, 105.3, 126.6, 128.4, 128.7, 140.5, 168.5,
173.3; viee (film/cm™") 3526, 2950, 2837, 1734, 1459, 1405, 1382,
1328, 1268, 1223,1172,1152, 1125, 1100, 1085, 1067, 1050, 1038,





1009; found (ESI): caled for C,)H,sOsNa [M + Na]* 417.1525,
found: 417.1505; mp 172-173 °C; [a]5 —125.2 (¢ 0.5, CHCL,).

When B(OMe); was used as an additive, 1.3 equiv. was added
via syringe immediately before the aldehyde.

(3S,5R,6R)-3-(3R,4R)-3-|(R)-Hydroxy-(4-methoxyphenyl)-
methyl]-2-oxotetrahydropyran-4-yl}-5,6-dimethoxy-5,6-
dimethyl-[1,4]dioxan-2-one (major diastereomer) (22) and
(3S,5R,6R)-3-(3R,4R)-3-|(S)-hydroxy-(4-methoxyphenyl)-
methyl]-2-oxotetrahydropyran-4-yl}-5,6-dimethoxy-5,6-
dimethyl-[1,4]dioxan-2-one (minor diastereomer)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (0.6 ml) at —78 °C. The pale yellow
solution was stirred for 20 min. 5,6-Dihydro-2H-pyran-2-one
(20 ul, 0.20 mmol, solution in 0.5 ml THF) was added, and
the solution stirred for 30 min at —78 °C. p-Anisaldehyde (26 pl,
0.22 mmol, solution in 0.5 ml THF) was added, and the solution
stirred for 30 min at —78 °C. The reaction was quenched by
addition of acetic acid (24 ul, 0.4 mmol), diluted with ether
(4 ml) and allowed to warm to rt. After 30 min, the resulting
suspension was filtered through a short plug (1-2 cm) of silica
gel, eluting with ether, and the mixture concentrated in vacuo
to give the crude product which was twice purified by column
chromatography (silica, petrol : EtOAc 2 : 1 eluting to 1 : 1; then
silica, ether : CH,Cl, 1 : 2) to give the alcohol as a white solid
(56 mg, 66%): (major diastereomer) oy (500 MHz, CDCl;) 1.29
(3H, s, Me), 1.39 (3H, s, Me), 1.56-1.66 (1H, m, CHHCH,O),
1.94-2.05 (1H, m, CHHCH,0), 2.93 (1H, d, J 5.1, OH), 2.94-
3.01 (1H, m, CHCHC(0)0), 2.97 (3H, s, OMe), 3.12 (1H, dd,
J 8.1, 3.3, CHCHC(0)0), 3.21 (1H, d, J 2.6, OCHC(0)0),
3.34 (3H, s, OMe), 3.78 (3H, s, OMe), 4.17 (1H, td, J 10.6, 2.6,
CH,CHHO), 4.36 (1H, ddd, J 10.6, 4.8, 3.7, CH,CHHO), 5.42
(1H, br t, J 3.7, CHOH), 6.87 (2H, d, J 8.8, Ar), 7.36 (2H, d,
J 8.8, Ar); dc (125 MHz, CDClL;) 16.8, 17.6, 24.0, 33.8, 48.3,
49.0,49.8, 55.3,67.6,71.3,73.5,98.1, 105.1, 114.1, 127.0, 133.0,
159.3, 168.4, 173.5; v, (film/cm™") 3458, 2958, 1725, 1612,
1513, 1458, 1384, 1251, 1215, 1151, 1076, 1035; found (ESI):
caled for C,,Hy,sO9Na [M + Na]* 447.1631, found: 447.1613; mp
65-67 °C; [a]? —106.4 (¢ 0.1, CHCL,); (minor diastereomer) dy
(400 MHz, CDCl;) 1.36 (3H, s, Me), 1.45 (3H, s, Me), 1.63-1.71
(1H, m, CHHCH,0), 1.91-1.99 (1H, m, CHHCH,O0), 2.94-
3.01 (1H, dq, J 7.3, 2.7, CHCHC(0)O), 3.19-3.22 (1H, m,
CHCHC(0)0), 3.22 (3H, s, OMe), 3.36 (3H, s, OMe), 3.80
(3H, s, OMe), 3.80-3.81 (1H, m, OCHC(0)0), 3.87-92 (1H, m,
CH,CHHO), 4.36 (1H, ddd, J 10.6, 7.2, 3.1, CH,CHHO), 5.15
(1H, d, J 6.4, CHOH), 6.90 (2H, d, J 8.6, Ar), 7.36 2H, d, J
8.6, Ar); dc (100 MHz, CDCl;) 16.9, 17.6, 24.5, 35.0, 47.6, 49.3,
49.9,55.3,67.3,71.9,74.3,98.3,105.3,114.1, 127.9, 132.4, 159.6,
168.6, 173.4; v, (film/cm~") 2958, 1726, 1513, 1383, 1253, 1150,
1036, found (ESI): calcd for C,;H,sOyNa [M + Na]* 447.1631,
found: 447.1614; mp 45-48 °C; [a]%¥ —146.7 (¢ 0.03, CHCL,).

When B(OMe); was used as an additive, 1.3 equiv. was added
via syringe immediately before the aldehyde.

(BR,45)-4-((2S,5R,6 R)-5,6-Dimethoxy-5,6-dimethyl-
3-oxo-[1,4]dioxan-2-yl)-3-[(R)-hydroxy-(4-
methoxyphenyl)methyl]chroman-2-one (23)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (0.8 ml) at —78 °C. The pale yellow
solution was stirred for 20 min. Coumarin (30 mg, 0.20 mmol,
solution in 0.5 ml THF) was added, and the solution stirred for
30 min at —78 °C. p-Anisaldehyde (26 ul, 0.22 mmol, solution
in 0.5 ml THF) was added, and the solution stirred for 30 min at
—78 °C. The reaction was quenched by addition of acetic acid
(24 ul, 0.4 mmol), diluted with ether (4 ml) and allowed to warm

to rt. After 30 min, the resulting suspension was filtered through
a short plug (1-2 cm) of silica gel, eluting with ether, and the
mixture concentrated in vacuo to give the crude product which
was purified by column chromatography (silica, petrol : EtOAc
1 : 1) to give the alcohol as a white solid (69 mg, 73%): (major
diastereomer) d, (400 MHz, CDCI;) 1.25 (6H, s, 2 x Me), 2.45
(1H, br s, OH), 2.55 (3H, s, OMe), 3.08 (1H, dd, J 9.6, 1.0,
CHCH(C(0)0), 3.21 (1H, d, J 3.1, CHCHC(0)O), 3.26 (3H, s,
OMe), 3.80 (3H, s, OMe), 4.15 (1H, d, J 3.1, OCHC(O)O),
4.50 (1H, d, J 9.6, CHOH), 6.84 (2H, d, J 8.7, Ar), 6.99-7.07
(3H, m, Ar), 7.10 (2H, d, J 8.7, Ar), 7.26-7.29 (1H, m, Ar); ¢
(100 MHz, CDCl;) 16.1, 17.5, 40.5, 49.3, 49.4, 51.8, 55.3, 72.6,
74.8,98.5,105.4,114.4,116.5, 118.8, 124.1, 127.6, 129.2, 130.0,
132.0, 152.8, 160.0, 167.4, 167.8; vy, (film/cm™") 3461, 2946,
2840, 1740, 1612, 1588, 1514, 1490, 1457, 1379, 1360, 1300, 1248,
1221, 1151,1110, 1078, 1032; found (ESI): calcd for C,;H,30,Na
[M + NaJ* 495.1631, found: 495.1609; mp 78-81 °C; [a]Z —131.9
(¢ 0.36, CHCI,).

When B(OMe); was used as an additive, 1.3 equiv. was added
via syringe immediately before the aldehyde.

(3R,55,65)-5,6-Dimethoxy-5,6-dimethyl-3-[(3R,45)-3-((R)-2-
nitro-1-phenylethyl)-2-oxotetrahydropyran-4-yl]-[1,4]dioxan-2-
one (major diastereomer) (24) and (3R,55,6.5)-5,6-dimethoxy-
5,6-dimethyl-3-[(3' R,4'S)-3-((:S)-2-nitro-1-phenylethyl)-2-
oxotetrahydropyran-4-yl|-[1,4]dioxan-2-one (minor
diastereomer)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (0.8 ml) at —78 °C. The pale yellow
solution was stirred for 20 min. 5,6-Dihydro-2H-pyran-2-one
(22 mg, 0.22 mmol, solution in 0.5 ml THF) was added, and the
solution stirred for 1 h at —78 °C. trans-2-Nitrostyrene (33 mg,
0.22 mmol, solution in 0.5 ml THF) was added, and the solution
stirred for 1.5 h at —78 °C. The reaction was quenched by
addition of acetic acid (24 ul, 0.4 mmol), diluted with ether (4 ml)
and allowed to warm to rt. After 30 min, the resulting suspension
was filtered through a short plug (1-2 cm) of silica gel, eluting
with ether, and the mixture concentrated in vacuo to give the
crude product which was purified by column chromatography
(silica, petrol : ether 1 : 2) to give the nitroalkanes as white
solids (56 mg, 64% and 14 mg, 16%): (major diastereomer) dy
(400 MHz, CDCl;) 1.34 (3H, s, Me), 1.44 (3H, s, Me), 1.72-1.80
(1H, m, CHHCH,O0), 1.97-2.09 (1H, m, CHHCH,O0), 2.64-2.70
(1H, m, CHCH,CH,), 3.11 (1H, dd, J 6.5, 5.6, CHC(0)O), 3.18
(3H, s, OMe), 3.35 (3H, s, OMe), 3.84-3.89 (2H, m, OCHC(O),
PhCH), 4.12 (1H, ddd, J 11.3, 8.5, 3.7, CH,CHHO), 4.42 (1H,
ddd, J 11.3, 6.5, 4.1, CH,CHHO), 4.89 (1H, dd, J 13.7, 8.5,
CHHNO,), 493 (1H, dd, J 13.7, 6.7, CHHNO,), 7.29-7.39
(5H, m, Ph); 6. (100 MHz, CDCl,) 16.8, 17.6, 22.7, 37.7, 45.4,
45.4,49.2,49.9,67.1,71.6,77.5,98.5,105.5, 128.1, 128.6, 129.4,
137.1, 168.0, 171.4; v, (film/cm™") 2950, 1730, 1553, 1456,
1380, 1326, 1266, 1212, 1151, 1115, 1080, 1050, 1035; found
(ESI): caled for C, H,;OoNNa [M + Na]* 460.1584, found:
460.1584; mp 157 °C; [a]? +133.1 (¢ 0.48, CHCL;); (minor
diastereomer) Jy (500 MHz, CDCl;) 1.41 (3H, s, Me), 1.42-
1.46 (1H, m, CHHCH,0), 1.51 (3H, s, Me), 1.99-2.07 (1H, m,
CHHCH,O0), 2.60-2.64 (1H, m, CHCH,CH,), 3.21 (1H, dd, J
9.3,3.1,CHC(0)0), 3.30-3.34 (1H,m, CH,CHHO), 3.38 (3H, s,
OMe), 3.41 (3H, s, OMe), 3.77-3.81 (1H, ddd, J 9.0, 5.6, 3.2,
PhCH), 4.13(1H,dt,J 11.0, 3.5, CH,CHHO), 4.40 (1H,d, J 2.5,
OCHC(0)0), 4.81 (1H, dd, J 14.3, 5.6, CHHNO,), 5.54 (1H,
dd, J 14.3, 9.0, CHHNO,), 7.28-7.29 (2H, m, Ph), 7.35-7.40
(3H, m, Ph); . (125 MHz, CDCl,) 16.7, 17.5, 23.0, 38.3, 43.5,
44.2,49.3,49.8, 67.4,69.5,77.4,98.3, 105.3, 128.6, 128.8, 129.2,
135.1, 168.6, 170.9; v, (film/cm™) 2954, 1728, 1553, 1381,
1276, 1151, 1082, 1036; found (ESI): calcd for C, H,;O,NNa
[M + Na]* 460.1584, found: 460.1566; mp 206 °C; [a]5 +34.0
(c 0.3, CHCL,).
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(BR,4R)-4-((2R,55,6S5)-5,6-Dimethoxy-5,6-dimethyl-3-oxo-
[1,4]dioxan-2-yl)-3-((R)-2-nitro-1-phenylethyl)chroman-2-
one (25)

Lithium bis(trimethylsilyl)amide (0.60 ml, 1 M solution in THF,
0.60 mmol) was added drop-wise to a solution of glycolate 2
(114 mg, 0.60 mmol) in THF (2.5 ml) at —78 °C. The pale yellow
solution was stirred for 15 min. Coumarin (88 mg, 0.60 mmol,
solution in 1 ml THF) was added, and the solution stirred for
1 hat —78 °C. trans-2-Nitrostyrene (89 mg, 0.60 mmol, solution
in 1 ml THF) was added, and the solution stirred for 2 h at
—78 °C. The reaction was quenched by addition of acetic acid
(72 pl, 1.2 mmol), diluted with ether (12 ml) and allowed to
warm to rt. After 30 min, the resulting suspension was filtered
through a short plug (1-2 cm) of silica gel, eluting with ether,
and the mixture concentrated in vacuo to give the crude product
which was purified by column chromatography (silica, petrol :
ether : CH,Cl, 2 : 1: 2) to give the nitroalkane as a white solid
(236 mg, 81%): oy (400 MHz, CDCIl;) 1.26 (6H, s, 2 x Me),
2.55 (3H, s, OMe), 3.04 (1H, d, J 11.9, CHCHC(0)O), 3.15
(1H,d, J 3.2, CHCHC(0)0), 3.28 (3H, s, OMe), 3.31-3.39 (1H,
m, CHPh), 4.14 (1H, d, J 3.4, OCHC(0)O), 4.79-4.81 (2H,
m, 2 x CHHNO,), 6.95 (1H, dd, J 7.6, 1.3, Ar), 6.99-7.02
(2H, m, Ar), 7.10-7.15 (2H, m, Ar), 7.13-7.39 (4H, m, Ar);
(100 MHz, CDCl,) 16.1, 17.4, 41.1, 42.7, 46.8, 49.3, 49.5, 74.7,
77.2, 78.3, 98.6, 105.3, 116.6, 117.8, 124.8, 127.6, 129.1, 129.6,
130.5, 135.2, 152.4, 166.9, 167.9; vy, (film/cm™") 2950, 1745,
1589, 1557, 1490, 1458, 1379, 1295, 1222, 1167, 1122, 1111, 1085,
1036; found (ESI): caled for C,sH,,NOy,Na [M + Na]* 508.1884,
found: 508.1590; mp 82 °C; [a]% +85.3 (¢ 0.8, CHCL).

(35,45)-4-((2S5,5R,6 R)-5,6-Dimethoxy-5,6-dimethyl-3-oxo-
[1,4]dioxan-2-yl)-3-((1R,2 R)-2-nitrocyclohexyl)-chroman-2-
one (26)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (0.8 ml) at —78 °C. The pale yellow
solution was stirred for 20 min. Coumarin (33 mg, 0.22 mmol,
solution in 0.5 ml THF), and the solution stirred for 20 min
at —78 °C. 1-Nitro-1-cyclohexene (25 ul, 0.22 mmol, solution
in 0.5 ml THF) was added, and the solution stirred for 3 h
at —78 °C. The reaction was quenched by addition of acetic
acid (30 ul, 0.5 mmol), stirred for 10 min at —78 °C, diluted
with ether (4 ml) and allowed to warm to rt. After 30 min, the
resulting suspension was filtered through a short plug (1-2 cm)
of silica gel, eluting with ether, and the mixture concentrated in
vacuo to give the crude product which was purified by column
chromatography (silica, petrol : CH,Cl, 1 : 2 to CH,Cl, to
petrol : CH,Cl, : ether 2 : 1) to give the nitroalkane as a white
solid (83 mg, 90%): dy (400 MHz, CDCl;) 1.24 (3H, s, Me),
1.28 (3H, s, Me), 1.35 (1H, tt, J 13.3, 3.2, CHHCH,CHNO,),
1.49-1.61 (3H, m, CHHCH,CHNO,, CHNO,CHCH, CHH-

CHNO,), 1.62-1.68 (IH, m, CHHCHCHNO,), .74
1.79 (1H, m, CHHCH,CHCHNO,), 1.81-1.88 (IH,
m, CHHCH,CHCHNO,), 2.06 (1H, dg, J 128, 42,

CHHCHCHNO,), 2.40-2.45 (1H, m, CHHCHNO,), 2.58
(3H, s, OMe), 3.09 (1H, dd, J 11.1, 1.1, CHCHC(0O)0O), 3.29
(3H, s, OMe), 3.79 (1H, d, J 2.5, CHCHC(0)O), 4.35 (1H, d,
J 3.0, OCHC(0)0), 4.67-4.69 (1H, m, CHNO,), 7.02 (1H, dd,
J 8.2, 1.0, Ar), 7.09 (td, J 7.5, 1.2, Ar), 7.18 (dd, J 7.6, 1.7),
7.28-7.32 (1H, m, Ph); §. (100 MHz, CDCl;) 16.1, 17.5, 19.9,
23.7, 24.9, 31.6, 38.1, 40.2, 45.5, 49.4, 49.6, 75.2, 82.9, 98.6,
105.5,116.4, 118.2, 124.4, 129.3, 130.3, 152.7, 167.6, 167.7; Vya
(film/cm™") 2942, 2866, 1766, 1745, 1548, 1490, 1459, 1380,
1303, 1223, 1194, 1156, 1122, 1111, 1095, 1079, 1036; found
(ESI): calcd for C;H,,NOy,Na [M + Nal]* 486.1740, found:
486.1728; mp 168-171 °C; [a]5 —175.1 (¢ 0.4, CHCL,).
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(BR,4R)-4-((2R,5S,6S5)-5,6-Dimethoxy-5,6-dimethyl-3-oxo-
[1,4]dioxan-2-yl)-3-((R)-3-0x0-1,3-diphenylpropyl)chroman-2-
one (27)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (0.8 ml) at —78 °C. The pale
yellow solution was stirred for 20 min. Coumarin (33 mg,
0.22 mmol, solution in 0.5 ml THF), and the solution stirred
for 20 min at —78 °C. Chalcone (45 mg, 0.22 mmol, solution
in 0.5 ml THF) was added, and the solution stirred for 30 min
at —78 °C. The reaction was quenched by addition of acetic
acid (30 pl, 0.5 mmol), stirred for 10 min at —78 °C, diluted
with ether (4 ml) and allowed to warm to rt. After 30 min, the
resulting suspension was filtered through a short plug (1-2 cm)
of silica gel, eluting with ether, and the mixture concentrated in
vacuo to give the crude product which was purified by column
chromatography (silica, petrol : ether : CH,Cl, 5: 1: 10) to give
the ketone as a white solid (103 mg, 95%): J,; (400 MHz, CDCl,)
1.26 (6H, s, 2 x Me), 2.56 (3H, s, OMe), 3.07 (1H, d, J 11.5,
CHCHC(0)0), 3.19 (1H, d, J 3.3, CHCHC(0)0), 3.28 (3H, s,
OMe), 3.34-3.40 (1H, m, PhCH), 3.50 (1H, dd, J 17.6, 8.3,
PhC(O)CHH), 3.59 (1H, dd, J 17.6, 4.9, PhnC(O)CHH), 4.13
(1H, d, J 3.3, OCHC(0)), 6.98 (1H, dd, J 7.5, 1.0, Ph), 7.05-
7.13 (4H, m, Ph), 7.21-7.39 (6H, m, Ph), 7.49 (1H, t, J 7.4, Ph),
7.82 (2H, d, J 7.3, Ph); 6. (100 MHz, CDCl;) 16.2, 17.5, 39.7,
41.4,43.0,49.3,49.3,49.4,74.8,98.5,105.2, 116.5, 118.7, 124.3,
127.7, 127.8, 127.9, 128.5, 129.1, 129.3, 130.5, 133.0, 136.8,
140.5, 152.8, 167.2, 169.3, 197.1; vy, (film/cm™") 2948, 1764,
1729, 1689, 1591, 1495, 1448, 1429, 1377, 1294, 1267, 1224,
1165, 1148, 1110, 1074, 1046, 1032, 1013, 1001; found (ESI):
calcd for C;,H3;,O4Na [M + Na]* 567.1995, found: 567.1969;
mp 75-77 °C; [a]5 +146.2 (¢ 0.69, CHCL,).

Methyl (R)-hydroxy[(3R,4R)-2-0x0-3-((R)-3-0x0-1,3-
diphenylpropyl)-chroman-4-yl]acetate (28)

Lithium bis(trimethylsilyl)amide (0.20 ml, 1 M solution in THF,
0.20 mmol) was added drop-wise to a solution of glycolate 2
(38 mg, 0.20 mmol) in THF (0.8 ml) at —78 °C. The pale yellow
solution was stirred for 20 min. Coumarin (33 mg, 0.22 mmol,
solution in 0.5 ml THF), and the solution stirred for 20 min at
—78 °C. Chalcone (45 mg, 0.22 mmol, solution in 0.5 ml THF)
was added, and the solution stirred for 30 min at —78 °C. A
solution of trimethylsilyl chloride (0.35 ml) in MeOH (5 ml)
was added at —78 °C and the reaction allowed to warm to
rt overnight. The resulting suspension was filtered through a
short plug (1-2 cm) of silica gel, eluting with ether, and the
mixture concentrated in vacuo to give the crude product which
was purified by column chromatography (silica, petrol : EtOAc
1 : 1) to give the alcohol as a white solid (65 mg, 74%): ou
(400 MHz, CDCl;) 2.84 (1H, d, J 5.8, OH), 2.95 (1H, d, J 2.5,
CHCHOH), 3.21 (1H, d, J 11.6, CHC(0)0O), 3.31-3.40 (1H,
m, CHPh), 3.56 (2H, d, J 6.6, CHHC(O)), 3.69 (3H, s, OMe),
422 (1H, dd, J 5.6, 3.1), 6.78 (1H, d, J 6.7, Ar), 7.06-7.15
(4H, m, Ar), 7.22-7.40 (6H, m, Ar), 7.50 (1H, t, J 7.4), 7.81
(2H, d, J 7.3, Ar); 6 (100 MHz, CDCl;) 39.8, 42.9, 43.6, 49.1,
52.6,74.7,117.1, 117.7, 124.6, 127.5, 127.9, 127.9, 128.0, 128.4,
128.9, 129.0, 129.8, 133.0, 136.7, 140.7, 152.2, 172.2, 197.2; Vyax
(film/cm™") 3508, 2953, 1754, 1732, 1678, 1590, 1492, 1461,
1438, 1414, 1362, 1222, 1175, 1109, 1024; found (ESI): calcd for
C,;H,,04Na [M + Na]* 467.1471, found: 467.1469; mp 83 °C;
[a]% 4+30.5 (¢ 1.4, CHCL,).

Methyl (2R,3R)-2-hydroxy-3-(2-hydroxyphenyl)-3-((3R,4R)-4-
phenylpyrrolidin-3-yl)propionate (29)

Raney-nickel (0.60 g, 50% suspension in water) was rinsed
with MeOH (5 ml x 5) and EtOAc (5 ml x 2)
and suspended in a 1 1 mixture of EtOAc : MeOH
(6 ml). Glycolate 25 (100 mg, 0.20 mmol) was added to this





suspension and the reaction stirred under a balloon of hydrogen
overnight. The Raney-nickel was removed by filtration, the
solution concentrated in vacuo, and the residue purified by
column chromatography (silica, EtOAc : MeOH 10 : 1) to
give a white solid (84 mg, 93%). A sample of this (38 mg)
was dissolved in 1 ml of a pre-mixed solution of trimethylsilyl
chloride (0.35 ml) in MeOH (5 ml). The solution was stirred at rt
for 1 h, concentrated in vacuo and the residue purified by column
chromatography (EtOAc : MeOH 10 : 1) to give the alcohol as a
clear gum (27 mg, 92%; 86% over 2 steps): 0y (400 MHz, CDCl;)
3.18 (1H, dd, J 10.1, 4.4, CHC(O)N), 3.23-3.32 (1H, m, CHPh),
3.41 (1H, t, J 8.9, CHHNH), 3.51 (1H, t, J 8.9, CHHNH),
3.60 (3H, s, OMe), 3.72 (1H, t, J 4.4, CHCHOH), 4.88 (1H,
d, J 2.7, CHOH), 6.20 (1H, br s, OH/NH), 6.38 (1H, br s,
NH/OH), 6.89 (1H, t, J 7.6, Ar), 6.93 (1H, d, J 8.0, Ar), 7.16—
7.38 (7TH, m, Ar); dc (100 MHz, CDCl;) 44.9, 48.7, 52.6, 54.2,
74.7,77.2,118.3, 121.1, 122.8, 127.7, 128.9, 129.0, 129.1, 131.8,
139.9, 154.9, 173.4, 179.0; v, (film/cm™") 3275, 1743, 1670,
1456, 1231, 1127; found (ESI): calcd for C,H, NOsNa [M +
Na]* 378.1317, found: 378.1302; [a]? —35.0 (¢ 0.46, CHCL,).

(5R,6R)-(5,6-Dimethoxy-5,6-dimethyl-[1,4]dioxin-2-
yloxy)trimethylsilane (30)

Procedure 1. rn-Butyllithium (15.1 ml, 2.5 M solution in
hexanes, 0.038 mol) was added drop-wise to a solution of
diisopropylamine (5.3 ml, 0.038 mol) in THF (20 ml) at 0 °C. The
solution was stirred for 30 min, cooled to —78 °C, and then
a solution of glycolate 2 (7.19 g, 0.038 mol) in THF (20 ml)
was added drop-wise, via cannula. The solution was stirred for
3 h at —78 °C, then trimethylsilyl chloride (4.8 ml, 0.038 mol)
was added drop-wise and the solution allowed to warm to rt
overnight. The mixture was concentrated in vacuo to give an
orange residue which was distilled directly to afford the ketene
acetal as a colourless oil (7.53 g, 76%), bp 62 °C/0.05 mmHg.

Procedure 2. Lithium diisopropylamide (8.9 ml, 1.3 M
solution in THF-heptane—cthylbenzene, 0.012 mol) was added
to a solution of glycolate 2 (2.01 g, 0.011 mol) in THF (21 ml) at
—78 °C. After 30 min, trimethylsilyl chloride (1.5 ml, 0.011 mol)
was added and the mixture was allowed to warm to rt overnight.
The mixture was concentrated in vacuo to afford a orange
residue which was rapidly filtered through a small pad of Celite
(8 mm deep; 21 mm diameter), eluting with dry hexane (15 ml).
The hexane was removed by evaporation to afford the ketene
acetal as a brown oil (2.91 g, 100%): é,; (400 MHz; C,D,) 0.32
(9H, s, SiMe,), 1.48 (3H, s, Me), 1.51 (3H, s, Me), 3.24 (3H, s,
OMe), 3.30 (3H, s, OMe), 5.82 (1H, s, C=CH); o (100 MHz;
C¢Dy) —0.01, 17.1, 17.7, 48.4, 48.9, 96.9, 100.4, 105.3, 144.0; dy
(400 MHz; CDCl;) 0.19 (9H, s, SiMe;), 1.35 (3H, s, Me), 1.48
(3H, s, Me), 3.20 (3H, s, OMe), 3.34 (3H, s, OMe), 5.48 (1H, s,
C=CH);d. (100 MHz; CDCl;) —0.3, 16.8, 17.3, 48.3, 49.2, 96.3,
100.2, 104.3, 143.5; [a]? —193.5 (¢ 7.3, PhMe).

Cryptone; 4-isopropylcyclohexen-2-one (34)'

Methyl vinyl ketone (10.9 g, 13.0 ml, 0.16 mol) was added to 1-(3-
methylbut-1-enyl)-piperidine (23.8 g, 0.16 mol) and the solution
stirred at rt. After 24 h, hydrochloric acid (106 ml, 32% solution
in 120 ml water) was added and the mixture stirred at rt for a
further 36 h, after which it was refluxed at 105 °C for 30 min,
allowed to cool to rt, and extracted into ether (250 ml). The
organic layer was washed with 1.5 M hydrochloric acid (120 ml),
water (250 ml) and brine (250 ml); dried (magnesium sulfate),
and distilled to afford a 2.5 : 1 mixture by '"H NMR of cryptone
and 4-isopropylcyclohexen-3-one as a yellow oil (10.9 g, 50%).
This was purified by column chromatography: a large column
(9.5 cm diameter) was packed with a pad of silica (12.0 cm
deep) and loaded with the cryptone—4-isopropylcyclohexen-
3-one mixture (15 g), prepared above. Four litres of eluant
(10 : 1 petrol : ether) were passed through the column before

the collecting of fractions commenced. After a further 3.5 litres
of this eluant, the polarity was increased (8 : 1 petrol : ether).
All mixed fractions were discarded. After evaporation and
distillation of the appropriate unmixed fractions, cryptone was
obtained as a colourless oil (5 g, ~50% product recovery): bp
97 °C/11 mmHg (lit. 103-104 °C/15 mmHg); dy (400 MHz;
CDCl;) 096 (3H, d, J 6.3, CHMe), 0.97 (3H, d, J 6.3,
CHMe), 1.72-1.88 (2H, m, CHHCHCHMe,, CHMge,), 1.97-
2.04 (1H, m, CHHCHCHMe,), 2.26-2.38 (2H, m, CHCHMe,,
CHHC(0)), 2.51 (1H, dt, J 16.6, 4.2, CHHC(0)), 6.00 (1H,
dd, J 10.3, 2.5, C(O)CHCH), 6.89 (1H, d, J 10.3, C(O)CH); d
(100 MHz; CDCl;) 19.5, 19.6,25.3,31.5,37.4,42.5,129.7, 154.2,
200.0; found (EST) [MH]* 139.1116, CoH,50 requires 139.1117.

HPLC conditions: Chirapak AD column, 95.5 : 0.5 hexane :
isopropanol, | ml min™'; 215 nm.

(I'R,2'R,3S,5R,6R)-3-(2-Isopropyl-5-oxocyclohexyl)-5,6-
dimethoxy-5,6-dimethyl-[1,4]dioxan-2-one (32)*

Procedure 1. Ethyl (trimethylsilyl)acetate (0.59 ml,
3.23 mmol) was added to a solution of TBAT (9 mg, 17
pmol) and glycolate 2 (308 mg, 1.61 mmol) in THF (0.9 ml)
at rt. After 3 h, "H NMR analysis of the reaction mixture
showed trimethylsilyl ketene acetal 30 to have been formed
in approximately 50% conversion. The solution was cooled
to —78 °C and a second solution of cryptone (0.71 ml,
4.84 mmol) and TBAT (14 mg, 26 umol) in THF (0.6 ml) was
added via cannula. The reaction was allowed to warm to rt
overnight, concentrated in vacuo and the residue purified by
column chromatography (silica, petrol : ether 20 : 1, with 1%
triethylamine) to give the ketone as a white solid (449 mg,
1.37 mmol, 85%) which was recrystallized (ether—petrol) to aid
characterization.

Procedure 2. Ketene acetal 30 (0.28 ml, 1.00 mmol) was
added drop-wise to a solution of cryptone (0.15 ml, 1.00 mmol)
and TBAT (6 mg, 11 pmol) in THF (1 ml) at —78 °C. The
reaction was allowed to warm to rt overnight. A solution of
TBAF (1 ml, 1 M solution in THF, 1.0 mmol) and acetic acid
(57 ul, 1.0 mmol) were added and the mixture stirred at rt for 4 h.
The reaction was quenched with sodium bicarbonate solution
(5 ml), extracted with ether (3 x 10 ml), washed with brine
(10 ml), dried (magnesium sulfate) and concentrated in vacuo.
The residue was purified by column chromatography (silica,
9:1to 2:1 petrol : ether) to give the ketone as a white solid
(208.9 mg, 64%): Jy (400 MHz; CDCl;) 0.84 (3H, d, J 6.6,
CHMe), 0.99 (3H, d, J 6.5, CHMe), 1.35 (3H, s, Me), 1.44-1.51
(1H, m, CHHCH,C(0)), 1.47 (3H, s, Me), 1.96-2.04 (3H, m,
CHHCH,C(0), CHCHMe,, CHMe,), 2.21 (1H, dd, J 14.7, 8.6,
CHCHHC(0)),2.30 (1H, dt, J 16.0, 5.4, CH,CHHC(0)), 2.34-
2.38 (1H, m, CH,CHHC(0)), 2.46-2.48 (1H, m, CHCH,C(0)),
2.63 (1H, dd, J 14.7, 5.3, CHCHHC(0O)), 3.27 (3H, s, OMe),
3.40 (3H, s, OMe), 4.18 (1H, d, J 2.6, OCHC(0O)); o (100 MHz;
CDCl) 16.1, 16.7, 17.7, 21.4, 22.6, 28.4, 39.6, 40.6, 41.4, 42.5,
49.1,49.7,72.2,98.3, 105.3, 168.3, 211.6; vy, (film)/cm™" 2956,
1746, 1715, 1460, 1380, 1247, 1204, 1146, 1118, 1092, 1034; mp
95 °C; found (ESI) [MNa]* 351.17780, C;;H,O4Na requires
351.1784; [a]Z —48.9 (¢ 0.4, CHCL,).

1'S,1”"R,2’R,35,5R,6R,6' R)-3-[2-(1-Hydroxypropyl)-6-
isopropyl-3-oxocyclohexyl]-5,6-dimethoxy-5,6-dimethyl-
[1,4]dioxan-3-one (36)

Procedure 1. Ketene acetal 30 (0.28 ml, 1.00 mmol) was
added drop-wise to a solution of cryptone (0.36 ml, 2.50 mmol)
and TBAT (6 mg, 11 pmol) in THF (1 ml) at —78 °C. The
reaction was allowed to warm to rt overnight and the solution
divided into two equal portions, one of which was used for the
preparation of 36: the solvents were removed in vacuo and the
residue re-dissolved in CH,Cl, (0.5 ml). The solution was cooled
to —78 °C and propionaldehyde (54 pl, 0.75 mmol) followed by
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BF;-Et,0 complex (58 pl, 0.5 mmol) added drop-wise. The reac-
tion was stirred for 2 h and quenched by the drop-wise addition
of NaHCO; (1 ml), extracted with CH,Cl, (3 x 10 ml), dried
(MgSO0,) and concentrated in vacuo. The residue was purified by
column chromatography (silica, 1 : 1 petrol : ether) to give the
alcohol as a white solid (67.7 mg, 35%) which was recrystallized
(CH,Cl,—petrol) for the purposes of characterization.

Procedure 2. A solution of a-bromoketone 38 (121.6 mg,
0.299 mmol) and propionaldehyde (22 pul, 0.23 mmol) in toluene
(0.5 ml) was added via cannula to a solution of triphenyltin
hydride (104.8 mg, 0.299 mmol) and triethylborane (0.33 ml,
1 M solution in hexanes, 0.33 mmol) in toluene (0.5 ml) at rt.
The reaction was stirred for 2 h, diluted with ether (100 ml),
washed with a solution of potassium fluoride?*?* (1.6 g in 9.4 ml
water) and filtered through Celite (eluting with ether), dried
(MgSO0,) and concentrated in vacuo. The residue was purified
by column chromatography (Biotage, 1 : 1 petrol : ether) to give
the alcohol as a white solid (72.5 mg, 63%): oy (500 MHz; C¢Dy)
0.88 (3H, d, J 6.7, CHMe), 1.06 (3H, t, J 7.4, CH,Me), 1.09
(3H, d, J 6.7, CHMe), 1.21 (3H, s, Me), 1.29 (3H, s, Me), 1.56—
1.63 (1H, m, CHHCH,C(0)), 1.71-1.86 (3H, m, 2 x CHHMe,
CHMe,), 1.92-1.95 (1H, m, CHCHMe,), 2.00-2.03 (1H, m,
CHHCH,C(0)), 2.11-2.18 (1H, m, CHHC(0)), 2.31-2.38 (1H,
m, CHHC(0)), 2.71-2.73 (1H, m, OH), 2.79 (1H, dd, J 7.4, 3.6,
CHC(0)), 2.93 (3H, s, OMe), 3.08-3.10 (1H, m, CHCHC(O)),
3.15 (3H, s, OMe), 3.82 (1H, br s, CHOH), 4.53 (1H, d, J 2.6,
OCHC(0)); ¢ (125 MHz; CsDy) 11.0, 16.8, 17.8, 18.5, 21.8,
21.9, 29.0, 29.1, 38.4, 41.3, 42.8, 48.6, 49.4, 53.7, 73.2, 73.4,
98.5,104.8,167.9,214.1; v, (neat)/cm' 3485,2958, 1748, 1703,
1463,1380,1251,1214,1150,1122, 1036, mp 111 °C; found (EST)
[MNa]* 409.2211, C,H3,0;Na requires 409.2197; [a]5 —76.7 (c
0.1, CHCL).

1'S,2'8,35,5R,6R,6' R)-3-(2-Bromo-6-isopropyl-3-
oxocyclohexyl)-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxan-2-
one (38)

A solution of ketene acetal 30 (2.01 g, 7.68 mmol) in THF
(3 ml) was added drop-wise to a solution of cryptone (2.7 ml,
19.19 mmol) and TBAT (34 mg, 63 umol) in THF (9 ml) at
—78 °C. The reaction was allowed to warm to rt overnight,
and re-cooled to 0 °C. NBS (1.09 g, 6.14 mmol) was added
and the reaction allowed to warm to rt and stirred for 4 h. The
reaction was diluted with ether (40 ml), washed with sodium
bicarbonate solution (3 x 20 ml), water (20 ml), and brine
(20 ml); dried (MgSO,), and concentrated in vacuo. By using
1,2,3-trimethoxybenzene (328 mg, 1.92 mmol, 0.25 equiv) as an
internal standard, a yield of 41% for 38 was calculated using
'"H NMR. The residue was purified by column chromatography
and recrystallization (ether—petrol); the typical recovery of 38
was 15%: dy (400 MHz; CDCl;) 0.83 (3H, d, J 6.8, CHMe),
0.98 (3H, d, J 6.7, CHMe), 1.39 (3H, s, Me), 1.50 (3H, s, Me),
1.72-1.84 (2H, m, CHMe,, CHHCH,C(0)), 1.97-2.06 (2H, m,
CHCHMe,, CHHCH,C(0)), 2.34-2.43 (1H, m, CHHC(0)),
2.70 (1H, dt, J 16.0, 8.8, CHHC(0)), 2.91 (1H, dt, J 8.0, 1.8,
CHCHBr), 3.33 (3H, s, OMe), 3.43 (3H, s, OMe), 4.66 (1H,
d, J 1.9, OCHC(0)), 4.69 (1H, d, J 8.2, CHBr); d (100 MHz;
CDCl) 16.6, 16.8, 17.8, 21.8, 22.0, 28.8, 37.9, 41.4, 49.2, 49.7,
49.8, 56.8,72.1,98.5, 105.7, 167.9, 201.9; v,,,, (neat)/cm=" 2961,
1740, 1717, 1463, 1386, 1269, 1203, 1148, 1115, 1091, 1033; mp
153 °C; found (ESI) [MNa]* 429.0890, C,;H,,04BrNa requires
429.0889; found C 49.95%, H 6.59%, C,;H,;0O¢Br requires C
50.13%, H 6.68%; [a]y —121.7 (¢ 0.2, CHCL;).

X-Ray structures

CCDC reference numbers 171362 (21), 171363 [epi-24 (minor
diastereomer; epimeric at CHPh carbon)], 171364 (24), 171365
(27), 171366 (22), 171367 (26), 171368 [epi-22 (minor diastere-
omer; epimeric at CHOH carbon)], 283219 (36), 283220 (8),
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283221 (10), 283222 (32), 283223 (5), 283224 (38), 283225 (6).
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b512410g.
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Two distinct routes to B-cycloalkylalanine derivatives have been developed. The first route employs the reaction

of the iodoalanine-derived zinc—copper reagent 2 with cycloalk-1-en-3-yl phosphates, and the second uses the
palladium-catalysed coupling of the iodoalanine-derived zinc reagent 1 with cycloalkenyl triflates; in each case,
catalytic hydrogenation of the unsaturated product leads to the protected B-cycloalkylalanine. The latter route allows
access to a range of cycloalkyl derivatives, with ring sizes of 5-8. B-(1-Methyl-1-cyclohexyl)alanine may be prepared
using reaction of the zinc—copper reagent 2 with 3-methyl-2-cyclohexenyl chloride, followed by hydrogenation. The
corresponding cyclopentyl derivative may be prepared by reaction of the same zinc—copper reagent 2 with diethyl
geranylphosphate, followed by ring-closing metathesis and hydrogenation.

Introduction

Non-natural analogues of proteinogenic amino acids are an
important tool in the context of exploring receptor binding
and preparing drug-like molecules able to interact with such
receptors. Proteases, enzymes that cleave proteins or polypro-
teins at distinct sites, are involved in virtually all biological
functions and dysfunctions. They regulate numerous biochem-
ical, physiological and disease processes by controlling protein
synthesis and degradation through hydrolysis of specific amide
bonds in the polypeptide. A number of therapeutic areas have
been addressed by the inhibition of proteases and physiological
disorders. For example, a deficiency in cathepsin K can lead
to pycnodysostosis, an autosomal recessive disorder while
overexpression of cathepsin K may be responsible for excessive
bone breakdown which is indicative for osteoporosis.

Proteases recognise defined amino acid sequences adjacent to
the cleavage site and the elucidation of this interaction is usually
important in the design of either peptides or peptidomimetic
molecules able to inhibit protease function.? Such inhibitors,
containing natural and non-natural amino acids, can provide
enhanced information on the best amino acids to fill the various
enzyme pockets.

Whether employed in receptor exploration or peptide/
peptidomimetic construction it is important that constituent
amino acids, natural or non-natural, have a defined stereochem-
istry at the a carbon. Typically this will be the L-stereochemistry
but a number of therapeutics also employ specific amino acids
with D-stereochemistry at this position. Accordingly there is a
need for efficient methodology allowing access to amino acids
with defined stereochemistry at C-a. Although an enormous
amount of effort has been devoted to developing such meth-
ods, substantial challenges still remain. Non-natural branched
amino acids, especially compounds with highly lipophilic side
chains, have recently started to attract attention as components
of enzyme inhibitors.

While cyclohexylalanines, important as components of renin
inhibitors,® may be prepared by catalytic reduction of the
corresponding phenylalanine derivatives,* routes to cyclopentyl,
cycloheptyl and cyclooctylalanines are less well-developed. A
general route to these compounds using radical addition to dehy-
droalanine derivatives has been developed, yielding the products
as racemates.’ The synthesis of racemic cyclooctylalanine using

This journal is © The Royal Society of Chemistry 2005

glycine anion chemistry has also been reported.® A distinctive
approach, involving the reaction of 9-alkylborabicyclononane
derivatives with a glycine cation equivalent, followed by enan-
tioselective protonation, has been applied to the preparation
of cyclopentyl and cyclohexylalanines with moderate ee (62%).’
The copper-catalysed ring-opening of a serinol-derived aziridine
by cyclopentylmagnesium chloride, followed by oxidation, has
also been reported.? The most general route presently available
to enantiomerically pure cyclopentyl, cycloheptyl and cycloocty-
lalanines involves the electrophilic azidation of chiral imide
enolates,* employing the method pioneered by Evans.™

We have previously reported a new route to lipophilic amino
acids using the copper-catalysed reaction of the serine-derived
organozinc reagent 1 with allylic halides, or by transmetallation
of zinc reagent 1 to give the zinc—copper reagent 2." We now
wish to report the application and extension of this approach
to the preparation of protected derivatives of a range of non-
natural branched amino acids containing a -cycloalkyl residue,
in which the stereochemistry is derived from serine.

CO,Me CO,Me
IZn/\( IZn(NC)Cu/\r

NHBoc NHBoc

1 2
CO,H CO,H CO,H
CO,H d/\(COZH CO,H
NH; NH, NH,

Synthetic design

The most direct route to the targets above would require simple
alkylation of either zinc reagent 1 or zinc—copper reagent 2 with
the appropriate cycloalkyl halide. While recent significant de-
velopments in the area of palladium'" and nickel'*" catalysed
coupling of organozinc reagents with alkyl halides suggests that
such an approach may be possible, we have initially explored two
different routes which use the unsaturated isomeric compounds
3 and 4, respectively, as intermediates (Scheme 1).
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Scheme 1 Retrosynthetic plan.

Results and discussion
Allylation route

Given previous success using the allylation of the zinc-copper
reagent 2, initial efforts were directed towards the synthesis
of the cycloalken-1-en-3-yl diethyl phosphates 5a—c¢, X =
OP(O)(OEt),. Phosphorylation, using pyridine and diethyl
chlorophosphate, of the precursor alcohols, straightforwardly
prepared by Luche reduction of the corresponding enones,"”
proved challenging. It has been reported that cyclohex-1-en-
3-yl phosphate 5b is not stable to silica gel chromatography,'®
but careful chromatographic purification using diethyl ether as
eluent did allow 5b to be isolated in pure form (60%). Prepa-
ration of Sc was straightforward (72%), since it was perfectly
stable to chromatographic purification, but all attempts to pre-
pare the simple cyclopent-1-en-3-yl diethyl phosphate 5a were
unsuccessful. While it would have been possible to explore the
use of other less good leaving groups, the success of the vinylation
route meant that this was not pursued. Treatment of the allylic
phosphates Sb and 5¢ with the zinc—copper reagent 2, prepared in
DMEF, resulted in the formation of the expected products 3b and
3¢ as a mixture of diastereoisomers, and in moderate yield. Care-
ful control, especially of the reaction temperature, proved to be
necessary. Catalytic hydrogenation of 3b and 3¢ gave the desired
products 7b and 7e, respectively, in excellent yield (Scheme 2).
While this route was effective for preparing the cyclohexyl
and cycloheptyl analogues, the careful control of reaction
conditions that was required meant that an alternative route was
desirable.

(Et0),0PO Cone
@ Q NHBoc
5b, n =1 (60%) 3b, n=1(40%)

3c,n=2 (55%)

5¢c,n=2(72%) J
iii

CO,Me

NHBoc

(EtO)ZOPO©

7b,n=1(96%)
7c,n=2(98%)

Scheme 2 Reagents and conditions: 1, (EtO),POCI, pyridine, CH,Cl,,
0°Ctort, 16 h;ii, 2, DMF, —30 °C to rt, 16 h; iii, H,, Pd/C, MeOH.

Vinylation route

In earlier work, we had established that the palladium-catalysed
coupling of an analogue of zinc reagent 1 with cyclohexenyl
triflate 6b did yield the expected cyclohexenylalanine, although

+ This observation was somewhat unexpected, given the straightforward
preparation of diethyl 2-iodo-2-cyclopentenyl-1-phosphate using the
same method.?®
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the yield was modest (36%)." This general process has since
been employed in the synthesis of neodysiherbaine A.* Given
the recent improvements in yields that have been observed
by preparing and coupling organozinc reagents in DMF as
solvent,? further optimisation of this process seemed appropri-
ate. In the event, palladium-catalysed coupling of zinc reagent
1 (prepared in DMF) with a series of cycloalkenyl triflates 6a—
d yielded the expected cycloalkenylalanine derivatives 4a—d in
modest, but consistent, yields. In all cases, the yields are based
on the more valuable iodoalanine starting material from which
the zinc reagent 1 was prepared, with the cycloalkenyl triflate
being used in small excess (1.25 equiv.). When the coupling
reaction between 1 and cycloheptenyl triflate was conducted
on a larger scale (6 mmol) and at room temperature, the yield
of product 4c¢ increased to 58%, again based on iodoalanine.
Catalytic hydrogenation of 4a—d gave the desired products 7a—
d respectively, in excellent yields (Scheme 3). This latter route
ultimately proved to be a more effective and general route to the
targets.

@/ﬁ

COQMG COzMe

NHBoc NHBoc

6a,n=0 4a,n =0 (43%) 7a,n =0 (98%)
6b,n=1 4b,n=1(41%) 7b,n=1(96%)
6c,n=2 4c, n =2 (45%) 7c,n=2(99%)
6d,n=3 4d, n = 3 (46%) 7d, n =3 (95%)

Scheme 3  Reagents and conditions: i, 1, PA(PPh;),Cl, (5 mol%), DMF,
50 °C, 16 h; ii, H,, Pd/C, MeOH.

Tertiary cycloalkyl analogues

In the context of our interest in more highly branched ana-
logues of lipophilic amino acids," synthesis of the additionally
methylated cyclopentyl and cyclohexyl compounds 8a and 8b
was considered. Self-evidently, only the allylation approach was
possible, and the presumed enhanced instability of the required
allylic phosphates 9a and 9b, compared to their non-methylated
congeners Sa and 5b (Fig. 1), meant that an alternative was

required.
d/\‘/cone CO,Me X
NHBoc NHBoc
n
8a 8b X = (Et0),0PO X =Cl
9a,n=0 10a,n=0
9b,n=1 10b,n=1

Fig. 1 (1-Methyl-1-cycloalkyl)alanine derivatives.

The first approach to be explored relied on the prepara-
tion of the cycloalkenyl chorides 10a and 10b. All efforts to
prepare the cyclopentenyl derivative 10a were frustrated, due
to the great instability of the compound. However, it did
prove possible to prepare the cyclohexenyl derivative 10b by
treatment of 3-methyl-2-cyclohexen-1-ol with thionyl chloride—
pyridine in diethyl ether. The product was isolated as a 2.5 :
1 mixture with the product of allylic isomerisation, 11b.
Treatment of this mixture with the zinc—copper reagent 2 gave
a mixture of allylation products 12b (as a 1 : 1 mixture of
diastereoisomers) and 13 (combined yield 53%), which was not
separated but instead subjected to catalytic hydrogenation. The
desired product 8b could then be isolated (62%) straightfor-
wardly. The remainder of the material was a mixture of di-
astereoisomers 14 resulting from hydrogenation of compound 13
(Scheme 4).

Since it was not possible to prepare the cyclopentenyl deriva-
tive 10a, an entirely new route to 8a was required. It appeared





cl
Ho:/icui/ :/
10b 11b

i
CO,Me CO,Me
+
NHBoc NHBoc

12b 13
1]
CO,Me CO,Me
+
NHBoc NHBoc
8b 14

Scheme 4  Reagents and conditions: i, SOCL,, pyridine, Et,0, 0 °C to rt,
16 h; ii, 2, DMF, —30 °C to rt, 16 h; iii, H,, Pd/C, MeOH.

that unsaturated intermediate 12a could in principle be prepared
by ring-closing metathesis (RCM)? of the allylation product 15,
itself available by reaction of diethyl geranylphosphate 16 with
the zinc—copper reagent 2.

In the event, treatment of zinc—copper reagent 2 with diethyl
geranyl phosphate 16 yielded a mixture of three compounds, the
formal product of Sy2 substitution 17 and the two diastereoiso-
meric Sy2' products 15, with the latter predominating in a ratio
of 88 : 12, and in a combined yield of 47%. These compounds
could not be straightforwardly separated, but since this was
not crucial to the planned route, the mixture was subjected to
RCM using second-generation Grubbs’ catalyst. This yielded
a mixture of the cyclopentenyl adducts 12a as a mixture of
diastereoisomers, as well as a side product tentatively identified
as the alkene 18," presumably derived by cross metathesis of
17 with the isopropylidene fragment formed as a side-product
during the RCM of 15. Hydrogenation of this mixture then gave
the desired target 8a, which was separated from compound 19
(derived by hydrogenation of 18), and which was unambiguously
identified by spectroscopic comparison with an authentic sample
of 19 (Scheme 5)." The overall yield of 8a for the RCM
and hydrogenation steps from 15 was 84%. This route has
been successfully scaled up to give 2 g of the product 8a,
demonstrating its practicality.

Wop(oxoa)z
\

16
M
Y\/\‘/\/\rcoz'\"e M\rcoz ©
NHBoc — NHBoc
17 15
ii
Y\/\rcone CO,Me
+
NHBoc NHBoc
18 12a

d/\rcozwm
NHBoc

19 8a

Scheme 5 Reagents and conditions: i, 2, DMF, =30 °C to rt, 16 h;
ii, 2™ generation Grubbs’ catalyst (5 mol%), toluene, 80 °C, 16 h;
iii, H,, Pd/C, MeOH.

The success of this latter route suggests that a variety of
1-alkylcyclopentenes (and 1-alkylcyclopentanes) may also be
prepared by the same strategy. The combination of (catalytic
asymmetric) allylation of organometallic nucleophiles, followed
by RCM, has been used before as a route to cyclopentene
derivatives.?

In conclusion, a variety of routes to cycloalkyl alanine
derivatives has been developed, further extending the breadth
of application of serine-derived organometallic reagents.

Experimental

General experimental procedures have been previously
described.” Dry DMF was distilled from calcium hydride and
stored over 4 A molecular sieves. Cycloalkenyl triflates were
prepared by literature methods.?*** 3-Methyl-2-cyclohexen-1-ol
was prepared by reduction of 3-methylcyclohex-2-enone using
Luche conditions."

General procedure for the synthesis of cycloalken-1-en-3-yl
diethyl phosphates

Diethyl chlorophosphate (1.03 equiv.) was added to a solution
of cycloalken-1-ol (1 equiv.) and pyridine (5.2 equiv.) in CH,Cl,
(5 cm?®) at 0 °C under a nitrogen atmosphere, and the mixture
stirred for 1 h at 0 °C and then overnight at room temperature.
The mixture was diluted with ether (50 cm®) and washed with
hydrochloric acid (3 x 10 cm®, 1 M), brine (I x 10 cm?)
and saturated sodium bicarbonate (1 x 10 cm®) and dried
over anhydrous magnesium sulfate. The solvent was removed
under reduced pressure and the product purified by flash
chromatography using diethyl ether as solvent.

Cyclohexen-1-en-3-yl diethyl phosphate 5b*. Following the
above procedure using 2-cyclohexen-1-ol (0.37 g, 3.76 mmol) the
product 5b was obtained as a colourless oil (0.52 g, 60% yield).
Jn (400 MHz, CDCl;) 1.28 (6H, t, J 7.0, OCH,CH;), 1.53-1.60
(1H, m, CH,), 1.71-1.75 (1H, m, CH,), 1.80-2.06 (4H, m, CH,),
4.03 (2H, q, J 7.0, OCH,CH,), 4.07 (2H, q, J 7.0, OCH,CH,),
4.82 [1H, br s, CHOP(O)(OEt),], 5.74 (1H, dd, J 10.0 and 1.5,
CH), 5.88-5.92 (1H, m, CH); 6 (100 MHz, CDCl;) 16.0 (d, J ¢
7.0, OCH,CHj;), 18.3 (CH,), 24.6 (CH,), 29.8 (d, J» 4.5, CH,),
63.4(d, Jp 5.0, OCH,CHj;), 72.1 [d, J o» 5.5, CHOP(O)(OE),],
126.2 (d, J¢» 5.0, CH), 132.6 (CH).

Cyclohepten-1-en-3-yl diethyl phosphate 5¢. Following the
above procedure using 2-cyclohepten-1-ol (0.46 g, 4.08 mmol)
the product 5c¢ was obtained as a colourless oil (0.73 g, 72%
yield). vy (liquid film)/cm™"' 2984, 2931, 1447, 1395, 1262,
1034, 1011, 981; Jy (400 MHz, CDCl,), 1.24 (3H, t, J 7.0,
OCH,CH;), 1.25 (3H, t, J 7.0, OCH,CH), 1.27-1.34 (1H, m,
CH,), 1.47-1.60 (2H, m, CH,), 1.63-1.72 (1H, m, CH,), 1.81-
1.98 (3H, m, CH,), 2.06-2.14 (1H, m, CH,), 3.99 (2H, q, J 7.0,
OCH,CH,), 4.01 (2H, q, J 7.0, OCH,CH,), 4.88-4.93 [1H,
m, CHOP(O)(OEt),], 5.65-5.75 (2H, m, CH); d. (100 MHz,
CDCly) 159 (d, Je» 6.5, OCH,CH;), 26.1 (d, J» 4.5, CH,),
28.3 (CH,), 34.4 (d, J» 4.5, CH,), 36.6 (CH,), 63.5(d, J¢» 5.5,
OCH,CH;), 78.3 [d, Jo 5.5, CHOP(O)(OEt),], 131.5 (CH),
133.9 (d, J¢» 5.0, CH).

General procedure for the synthesis of cycloalken-2-yl alanine
amino acids 3

Zinc dust (0.294 g, 4.5 mmol) was placed in a 10 cm® round
bottom flask equipped with a side arm, stirrer bar and fitted
with a 3-way tap. The flask was evacuated and flushed with
nitrogen 3 times. Dry DMF (0.5 cm?) and TMSCI (0.1 cm?) were
added and the mixture was stirred for 35 min under a nitrogen
atmosphere. The solvent was removed by syringe and the zinc
dried under reduced pressure while heating with a heat gun.
A solution of N-(tert-butoxycarbonyl)-3-iodo-L-alanine methyl
ester (0.247 g, 0.75 mmol) in dry DMF (0.3 cm?®) was prepared
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under nitrogen, and this solution was transferred by syringe
to the zinc, and the mixture stirred at 0 °C for 20 min. TLC
(heptane : ethyl acetate, 1 : 1) confirmed that zinc insertion was
complete.

In the meantime, a 10 cm® round bottomed flask equipped
with a side arm and fitted with a 3-way tap was charged with
CuCN (0.75 mmol) and dry lithium chloride (1.5 mmol) under
nitrogen. Dry DMF (0.6 cm®) was added and the resulting
solution was cooled using a dry ice—acetonitrile bath (—30 °C).
The solution of zinc reagent prepared previously was transferred
carefully by syringe (avoiding the excess of zinc dust present) to
the mixture of CuCN : LiCl (1 : 2) in DMF. The resulting mixture
was warmed to 0 °C, and stirred for 5 min to allow the formation
of the organocopper derivative 2. Finally the electrophile 5
(1 mmol) was added and the mixture placed again in a dry ice—
acetonitrile bath and stirred overnight (temperature increased
slowly from —30 °C to room temperature). The reaction mixture
was diluted with ethyl acetate and filtered through Celite®.
The solvent was removed under reduced pressure, and the
residue was diluted with ethyl acetate (50 cm®) and washed
with saturated aqueous ammonium chloride solution (15 cm?)
and brine (15 cm®). The organic phase was dried over sodium
sulfate and concentrated under reduced pressure. The two
diastereoisomeric products 3 were obtained after purification
by flash chromatography using a mixture of heptane and ethyl
acetate (typically 3 : 1).

(25,3RS)-2-tert-Butoxycarbonylamino-3-cyclohexen-2'-enyl-
propanoic acid methyl ester 3b. The product was obtained as
an inseparable mixture of two diastereoisomers (A and A’, in
53 : 47 ratio) as a colourless oil (83 mg, 40%); m/z (EI) (Found
MNa* 306.1686; C;sH,;NO,Na requires 306.1681) 322 (MK*,
100%), MNa* 306 (6), 184 (16); vp. (liquid film)/cm=" 2929,
1747, 1715, 1517, 1437, 1366 and 1168; d,; (400 MHz, CDCl;)
1.18-1.30 (A and A’, 1H, m, CH,), 1.41 [A, 9H, s, C(CH;);],
1.42 [A’, 9H, s, C(CH5;);], 1.47-1.88 (A and A’, SH, m, CH,),
1.95-1.99 (A and A’, 2H, m, CH,), 2.14-2.22 [A and A’, 1H,
m, CH(CH,),CHCH], 3.71 (A, 3H, s, OCHj;), 3.72 (A, 3H, s,
OCH,), 4.34-4.42 (A and A’, 1H, m, CHCO,CH,;) 4.90 (A, 1H,
d, J 8.0, NH), 4.94 (A’, 1H, d, J 8.0, NH), 5.46 (A, 1H, dd,
J 10.0 and 2.0, CH), 5.60 (A’, 1H, dd, J 10.0 and 2.0, CH),
5.67-5.73 (A and A’, 1H, m, CH); J. (100 MHz, CDCl;) 20.9
(A, CH,), 21.0 (A’, CH,), 25.1 (A and A’, CH,), 28.2 [A and A/,
C(CH;)3], 29.1 (A and A’, CH,), 31.4 [A, CH(CH,),CHCH],
31.5 [A’, CH(CH,),CHCH], 39.3 (A, CH,CHNH), 39.4 (A,
CH,CHNH), 51.4 (A, CO,CH;), 51.5 (A, CO,CH,), 52.2
(A and A’, CHCO,CH,;), 79.9 [A and A’, C(CH,);], 128.0
(A and A’, CH), 129.9 (A, CH), 130.7 (A’, CH), 155.4 [A and
A’, NHCOC(CH);], 173.8 (A and A’, CO,CH,).

(2S,3RS)-2-tert-Butoxycarbonylamino-3-cyclohepten-2'-enyl-
propanoic acid methyl ester 3c. The product was obtained as
an inseparable mixture of two diastereoisomers (A and A’ in a
60 : 40 ratio) as a colourless oil (121 mg, 55%); m/z (EI) (Found
MH* 298.2017 C;sHxNO, requires 298.2018) MNa* 320 (11%),
MH* 298 (6%), 242 (48), 198 (100); v,,, (liquid film)/cm™'
2921, 1746, 1716, 1446, 1366 and 1164; dy (400 MHz, CDCl;)
1.12-1.37 (A and A’, 2H, m, CH,), 1.41 [A, 9H, s, C(CH,);],
1.42 [A’, 9H, s, C(CH;),], 1.49-1.67 (A and A’, 4H, m, CH,),
1.75-1.92 (A and A/, 2H, m, CH,), 2.06-2.12 (A and A’, 2H,
m, CH,), 2.28-2.38 [A and A’, 1H, m, CH(CH,),CHCH],
3.71 (A and A’, 3H, s, OCH,;), 4.26-4.35 (A and A’, 1H, m,
CHCO,CH,), 492 (A, 1H, d, J 8.5, NH), 4.96 (A, 1H, d,
J 8.5,NH), 5.47 (A, 1H, dd, J 10.5 and 3.5, CH), 5.55 (A’, 1H,
dd, J 10.5 and 3.5, CH), 5.72-5.81 (A and A’, 1H, m, CH); d
(100 MHz, CDCl;) 28.2 [A and A’, C(CH,);], 28.4 (A, CH,),
28.5 (A, CH,), 29.8 (A, CH,), 29.9 (A’, CH,), 32.1 (A and
A’, CH,), 33.5 (A and A’, CH,), 35.7 [A, CH(CH,),CHCH],
35.8 [A’, CH(CH,),CHCH], 39.5 (A, CH,CHNH), 39.6 (A,
CH,CHNH), 51.7 (A and A’, CHCO,CHs;), 52.0 (A, CO,CH,),
52.1 (A, CO,CH,), 79.7 [A and A’, C(CH,),], 132.0 (A, CH),

4120 | Org. Biomol. Chem., 2005, 3, 4117-4123 |

132.1 (A", CH), 135.7 (A, CH), 136.5 (A", CH), 155.3[A and A,
NHCOC(CH),], 173.8 (A and A", CO,CH,).

Synthesis of protected cycloalkyl alanine amino acids 7

A 0.1 M solution of the protected cycloalken-2-yl alanine amino
acid 3 in methanol was treated with palladium (70 mg mmol~'
of substrate, 10 wt% on activated carbon) and stirred vigorously
under an atmosphere of hydrogen for 24 h. The catalyst was
removed by filtration through Celite® and the solvent removed
under reduced pressure to give the product 7.

(25)-2-tert-Butoxycarbonylamino-3-cyclohexylpropanoic acid
methyl ester 7b. Following the above procedure using the
mixture of the two diastereoisomers 3b (43 mg, 0.15 mmol)
the product 7b was obtained as colourless oil (41 mg, 96%).
[a]Z +2.0 (¢ 3.92 in CHCL;); m/z (EI) (Found MNa* 308.1829;
CisH»;NO,Na requires 308.1838) MH* 308 (100%), 252 (3),
186 (19); Vpa (liquid film)/cm™ 2924, 1715, 1516, 1366 and
1165; oy (400 MHz, CDCl;) 0.83-0.98 (2H, m, CH,), 1.10-
1.30 (4H, m, CH,), 1.43 [9H, s, C(CH;);], 1.58-1.75 [6H,
m, CH, + CH,H;CHNH + CH(CH,);], 1.80 (1H, br d,
J 13.5, CH,H;CHNH), 3.71 (3H, s, OCH;), 4.27-4.36 (1H,
m, CHCO,CH;), 4.86 (1H, d, J 8.0, NH); d (100 MHz, CDCl;)
26.1 (CH,), 28.2 [C(CH,);], 32.4 (CH,), 33.7 [CH(CH,);], 34.0
(CH,), 40.3 (CH,CHNH), 51.3 (CHCO,CH,), 52.1 (CO,CHs;),
79.8 [C(CH;);], 155.4 [NHCOC(CH);], 174.4 (CO,CH,).

(28)-2-tert-Butoxycarbonylamino-3-cycloheptylpropanoic acid
methyl ester 7c. Following the above procedure using the
mixture of the two diastereoisomers 3¢ (58 mg, 0.20 mmol) the
product 7¢ was obtained as colourless oil (57 mg, 98%). [a]Z +3.5
(¢ 6.0 in CHCI;); m/z (EI) (Found MH* 300.2162; C,H;NO,
requires 300.2175) MNa* 322 (4%), MH* 300 (61), 244 (100),
200 (11); vy (liquid film)/cm=" 2926, 1717, 1507, 1367 and 1168;
Jou (400 MHz, CDCl,) 1.15-1.22 (2H, m, CH,), 1.44 (9H, s,
C(CH,);), 1.36-1.48 (3H, m), 1.52-1.70 (9H, m), 1.72-1.78 (1H,
m, CH,H;CHNH), 3.72 (3H, s, OCH,), 4.26-4.35 (1H, m,
CHCO,CH,;), 4.86 (1H, d, J 8.0, NH); o (100 MHz, CDCl;)
26.5 (CH,), 28.2 (C(CHs;)s), 33.7 (CH(CH,),), 35.2 (CH,), 35.7
(CH,), 40.3 (CH,CHNH), 52.1 (CHCO,CH,;), 52.4 (CO,CH,),
80.0 (C(CH5;)s), 155.6 (NHCOC(CH);), 174.5 (CO,CHj;).

General procedure for the synthesis of protected cycloalken-
1-yl alanine amino acids 4

Organozinc reagent 1 (1 equiv.) was prepared using the same
procedure described in the preparation of 3. The solution of
organozinc reagent 1 was transferred carefully by syringe (avoid-
ing the excess of zinc dust present) to a separate 25 cm® round
bottom flask, equipped with a side arm, and which had been
charged previously with dichlorobis(triphenylphosphine) palla-
dium(11) (5 mol%), the cycloalken-1-yl triflate 6 (1.25 equiv.) and
dry DMF (0.4 cm® per mmol of 1) under a nitrogen atmosphere.
Dry DMF (0.4 cm?® per mmol of 1) was added to the residual zinc
dust and the washings were transferred to the reaction mixture.
The mixture was stirred at 50 °C overnight, then cooled, diluted
with ethyl acetate and filtered through Celite®. The solvent was
removed under reduced pressure (primarily to remove traces of
DMF which interfere with the aqueous work-up). The residue
was diluted with ethyl acetate (200 cm?®) and washed with
saturated aqueous ammonium chloride solution (50 cm?), brine
(50 cm®). The organic phase was dried over sodium sulfate and
concentrated under reduced pressure. The product was obtained
after purification by flash chromatography using heptane and
ethyl acetate (typically 3 : 1) as eluent. In case of contamination
of the product by triphenylphosphine, the crude product was
dissolved in CH,Cl, and washed with hydrogen peroxide, 10%
aqueous sodium sulfite solution and water. The solution was
dried over sodium sulfate and removed under reduced pressure.





(2S5)-2-tert-Butoxycarbonylamino-3-cyclopent-1"-enyl-propanoic
acid methyl ester 4a. Following the above procedure
using N-(tert-butoxycarbonyl)-3-iodo-L-alanine methyl ester
(0.247 g, 0.75 mmol) the product 4a was obtained by flash
chromatography as a colourless oil (86 mg, 43% yield); [a]?
+13.9 (¢ 2.09 in CHCly); m/z (EI) (Found MNa* 292.1521;
C,H;;NO,Na requires 292.1525) MNa* 270 (13%), 214 (100),
169 (19), 153 (33); v (liquid film)/cm™" 1747, 1716, 1504
and 1336; oy (400 MHz, CDCl;) 1.43 [9H, s, C(CH,);], 1.84
(2H, qn, J 7.5, CH,), 2.16-2.31 (4H, m, CH,), 2.47 (1H, dd,
J 14.0 and 8.0, CH,H;CHNH), 2.57 (1H, dd, J 14.5 and
5.5, CH,H;CHNH), 3.71 (3H, s, OCH,;), 4.35-4.42 (1H, m,
CHCO,CH,), 495 (1H, d, J 7.5, NH), 5.43-5.47 (1H, br s,
CH); ¢ (100 MHz, CDCl;) 23.5 (CH,), 28.3 [C(CH;)s], 32.4
(CH,), 34.1 (CH,), 34.7 (CH,CHNH), 52.0 (CHCO,CH,),
52.2 (CO,CH,), 79.8 [C(CH;);], 128.3 (CHCH,), 138.9
[CHC(CH,),], 155.2 [NHCOC(CH);], 173.1 (CO,CH,).

(25)-2-tert-Butoxycarbonylamino-3-cyclohex-1'-enyl-propanoic
acid methyl ester 4b. Following the above procedure
using N-(tert-butoxycarbonyl)-3-iodo-L-alanine methyl ester
(0.123 g, 0.375 mmol) the product 4b was obtained by
flash chromatography as a colourless oil (43 mg, 41%); [a]Z
+14.5 (¢ 1.68 in CHCl;); m/z (EI) (Found MNa* 306.1668;
C,sH,sNO,Na requires 306.1681) MNa* 306 (100%), 228 (26),
184 (25); Vi (liquid film)/cm=' 2930, 1747, 1716, 1505, 1366
and 1169;dy (400 MHz, CDCl;) 1.42 [9H, s, C(CHj;)s], 1.50-1.55
(2H, m, CH,), 1.56-1.60 (2H, m, CH,), 1.87-1.89 (1H, m,
CH,), 1.94-2.00 (3H, m, CH,), 2.22 (1H, dd, J 13.5 and 8.5,
CH,HzCHNH), 2.39 (1H, dd, J 13.5 and 5.5, CH,H,CHNH)),
3.70 (3H, s, OCH;), 4.31-4.39 (1H, m, CHCO,CH,), 4.88 (1H,
d, J 7.0, NH), 5.42-5.48 (1H, br s, CH); . (100 MHz, CDCl;)
22.1 (CH,), 22.7 (CH,), 25.3 (CH,), 27.8 (CH,), 28.3 [C(CH,);],
414 (CH,CHNH), 51.9 (CHCO,CH;), 52.1 (CO,CH,),
79.8 [C(CH;),], 125.7 (CHCH,), 132.7 [CHC(CH,),], 155.2
[NHCOC(CH);], 173.4 (CO,CHj;).

(2S)-2-tert-Butoxycarbonylamino-3-cyclohept-1-enyl-propanoic
acid methyl ester 4c. Following the above procedure
using N-(tert-butoxycarbonyl)-3-iodo-L-alanine methyl ester
(1.0 g, 3.04 mmol) the product 4¢ was obtained by flash
chromatography as a colourless oil (405 mg, 45%); [al; +7.8 (c
1.15 in CHCL); m/z (EI) (Found MH* 298.2013; C,;H»xNO,
requires 298.2018) MK* 336 (100%), MH* 298 (71), 242 (91);
Vmax (liquid film)/cm™"' 2923, 1747, 1717, 1499, 1418, 1367 and
1167; o4 (400 MHz, CDClL;) 1.36 [9H, s, C(CH,);], 1.37-1.42
(4H, m, CH,), 1.65 (2H, q, J 5.5, CH,), 1.98-2.06 (4H, m,
CH,), 2.18 (1H, dd, J 14.0 and 8.5, CH,H;CHNH), 2.38
(1H, dd, J 14.0 and 5.5, CH,H,;CHNH), 3.65 (3H, s, OCHj;),
4.21-4.29 (1H, m, CHCO,CH,), 4.84 (1H, d, J 7.0, NH),
5.54 (1H, t, J 6.0, CH); . (100 MHz, CDCl;) 26.3 (CH,),
28.5 (CH,), 28.6 [C(CH;);], 33.6 (CH,), 35.2 (CH,), 35.6
(CH,), 41.1 (CH,CHNH), 52.1 (CHCO,CH;), 52.3 (CO,CHy;),
80.1 [C(CH;);], 118.3 (CHCH,), 134.8 [CHC(CH,),], 155.7
[NHCOC(CH);], 174.4 (CO,CHy,).

Larger scale reaction

TMSCI (1.2 cm?®) was added to a stirred suspension of zinc dust
(2.34 g, 36 mmol) in dry DMF (4 cm?). The reaction mixture
was stirred for 20 min, the zinc was allowed to settle and the
supernatant then removed by syringe. The activated zinc was
washed with dry DMF (2 x 1 cm?), and then dried under reduced
pressure to give a free flowing powder. N-(terz-Butoxycarbonyl)-
3-iodo-L-alanine methyl ester (1.974 g, 6 mmol) was added as
a solid to a rapidly stirred suspension of the activated zinc in
dry DMF (4 cm?) at room temperature under nitrogen. A strong
exotherm was observed, and this was controlled with the aid of
a water bath. Stirring was continued for 20 minutes, and the zinc
was allowed to settle. The supernatant was then transferred by
syringe into a flask containing cyclohepten-1-yl triflate (1.61 g,

6.6 mmol) and dichlorobis(triphenylphosphine)palladium(ir)
(210 mg, 0.3 mmol) under nitrogen. The zinc residue was washed
with dry DMF (2 x 1 cm?®), and the washings also added
to the reaction mixture. The reaction mixture was stirred for
16 hours at room temperature, and then transferred directly to
a chromatography column, which was eluted with petroleum
ether (bp 60-80 °C), 10% EtOAc, 15% EtOAc and finally 20%
EtOAc in petroleum ether. The product 4e, (R; 0.4, 20% EtOAc
in petroleum ether), was obtained as a colourless oil (1.027 g,
58%) (after separation of mixed fractions using the same solvent
system). The major by-product was N-(tert-butoxycarbonyl)-
L-alanine methyl ester (0.288 g, 24%, R; 0.3), together with
N-(tert-butoxycarbonyl)-dehydroalanine methyl ester (0.15 g,
12%, R; 0.45).

(25)-tert-Butoxycarbonylamino-3-cyclooct-1’-enyl-propanoic
acid methyl ester 4d. Following the above procedure using
N-(tert-butoxycarbonyl)-3-iodo-L-alanine methyl ester (1 g,
3.04 mmol) the product 4d was obtained as a colourless oil
(435 mg, 46%); [a]Z +9.5 (¢ 0.53 in CHCLy); m/z (EI) (Found
MH* 312.2169; C;;H3NO, requires 312.2175) MK* 350 (40%),
MH* 312 (39), 256 (100), 212 (17); Ve (liquid film)/cm™
2925, 1747, 1716, 1504, 1366 and 1171; 6y (400 MHz, CDCl,)
1.40 [9H, s, C(CH;);], 1.41-1.45 (8H, m, CH,), 2.05-2.12 (4H,
m, CH,), 2.24 (1H, dd, J 14.0 and 8.5 CH,H;CHNH), 2.48
(1H, dd, J 14.0 and 5.0, CH,H;CHNH), 3.71 (3H, s, OCHy;),
4.28-4.38 (1H, m, CHCO,CH,), 4.87 (1H, d, J 7.0, NH), 5.41
(1H, t, J 7.5, CH); . (100 MHz, CDCl;) 22.8 (CH,), 26.3
(CH,), 26.5 (CH,), 26.6 (CH,), 28.5 [C(CHj;);], 28.7 (CH,), 29.8
(CH,), 40.5 (CH,CHNH), 52.1 (CHCO,CH;), 52.5 (CO,CHy;),
80.0 [C(CH;);], 128.8 (CHCH,), 135.8 [CHC(CH,),], 155.8
[NHCOC(CH);], 173.6 (CO,CHy,).

General procedure for the synthesis of protected cycloalkyl
alanine amino acids 7

A 0.1 M solution of the protected cycloalken-1-yl-alanine 4
in methanol was treated with palladium (70 mg mmol~' of
substrate, 10 wt% on activated carbon) and stirred under an
atmosphere of hydrogen for 24 h. The catalyst was removed
by filtration through Celite® and the solvent removed under
reduced pressure to give the product. If traces of water were
observed, the product was redissolved in CH,Cl, and dried over
sodium sulfate.

(2S)-tert-2-Butoxycarbonylamino-3-cyclopentylpropanoic acid
methyl ester 7a. Following the above procedure using the
protected cyclopenten-1-yl alanine amino acid 4a (42 mg,
0.16 mmol) the product 7a was obtained as a colourless oil
(41 mg, 98%); [a]Z +7.5 (¢ 0.81 in CHCL); m/z (EI) (Found
MH* 272.1857; C,HNO, requires 272.1862) MH* 272 (84%),
216 (100), 172 (40); Vs (liquid film)/em™" 2923, 1747, 1716,
1504 and 1366; 6y (400 MHz, CDCl;) 1.03-1.16 (2H, m, CH,),
1.44 [9H, s, C(CHs;);], 1.48-1.68 (6H, m, CH,), 1.73-1.88 [3H,
m, CH, + CH(CH,),], 3.73 (3H, s, OCHj;), 4.25-4.32 (1H, m,
CHCO,CH,), 4.93 (1H, d, J 7.0, NH); J. (100 MHz, CDCl;)
25.0 (CH,), 28.3 [C(CH,);], 32.6 (CH,), 36.6 [CH(CH,).],
39.0 (CH,CHNH), 52.1 (CHCO,CH;), 53.2 (CO,CH,), 79.8
[C(CH5;)], 155.3 [NHCOC(CH);], 173.8 (CO,CHs;).

(2S)-tert-2-Butoxycarbonylamino-3-cyclohexylpropanoic acid
methyl ester 7b. Following the above procedure using the
protected cyclohexen-1-yl alanine amino acid 4b (200 mg,
0.71 mmol) the product 7b was obtained as a colourless oil
(194 mg, 96%). The spectroscopic data of this compound
matched that already obtained.

(2S8)-tert-2-Butoxycarbonylamino-3-cycloheptylpropanoic acid
methyl ester 7c. Following the above procedure using the
protected cyclohepten-1-yl alanine amino acid 4¢ (250 mg,
0.84 mmol) the product 7¢ was obtained as a colourless oil
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(248 mg, 99%). The spectroscopic data of this compound
matched that already obtained.

(2S)-tert-2-Butoxycarbonylamino-3-cyclooctylpropanoic acid
methyl ester 7d. Following the above procedure using the
protected cycloocten-1-yl alanine amino acid 4d (236 mg,
0.76 mmol) the product 7d was obtained as a colourless oil
(224 mg, 95%); [a]Z +6.5 (¢ 0.5 in CHCL,); m/z (EI) (Found M*
314.2328; C,;H;,NO, requires 314.2331) MK* 352 (27%), MH*
314 (59), 258 (100), 214 (92); v (liquid film)/cm™" 2921,
1716, 1513, 1366 and 1172; éy4 (400 MHz, CDCl;) 1.24-1.32
(2H, m, CH,), 1.43 [9H, s, C(CH,);], 1.42-1.49 (6H, m, CH,),
1.56-1.68 [9H, m, CH, + CH(CH,),], 3.72 (3H, s, OCH,),
4.28-4.37 (1H, m, CHCO,CH,), 4.86 (1H, d, J 8.0, NH); d
(100 MHz, CDCl;) 25.3 (CH,), 26.5 (CH,), 27.4 (CH,), 28.5
[C(CH,);], 31.2 (CH,), 33.5 (CH(CH,),), 41.2 (CH,CHNH),
52.0 (CHCO,CH,;), 52.3 (CO,CHj;), 80.0 [C(CH;),], 155.5
[NHCOC(CH);], 174.3 (CO,CHy;).

3-Chloro-1-methyl-cyclohexene 10b*. A solution of 3-
methylcycloalk-2-enol (670 mg, 5.93 mmol) and dry pyridine
(0.45 cm?®, 7.41 mmol) in dry diethyl ether (3 cm?®) was cooled in
an ice-bath. A solution of thionyl chloride (0.54 cm?, 7.41 mmol)
in dry diethyl ether (2 cm?) was added. The mixture was stirred
for 5 min at 0 °C and then for 3 h at room temperature, filtered,
washed three times with aqueous saturated sodium hydrogen
carbonate and brine. Drying over anhydrous magnesium sulfate
and concentration under reduced pressure, gave the product 10b
(408 mg, 53%) as a yellow oil, as a 2.5 : 1 mixture with 3-
chloro-3-methylcyclohexene 11b. This mixture was used in the
subsequent step without any further purification. oy (400 MHz,
CDCl;) 1.70 (3H, d, J 1.0, CH;), 1.84-2.06 (6H, m, CH,), 4.63—
4.68 (1H, m, CHCI), 5.55-5.59 (1H, m, CH); 6. (100 MHz,
CDCl) 18.4 (CH,), 23.7 (CH,), 29.7 (CH,), 32.0 (CH,), 57.0
(CHCQ), 122.6 (CH), 139.8 (CH).

(28,3 RS)-2-tert-Butoxycarbonylamino-3-(1-methyl-cyclohex-
2-enyl)-propanoic acid methyl ester 12b. Organocopper
derivative 2 was prepared from N-(tert-butoxycarbonyl)-
3-iodo-L-alanine methyl ester (0.247 g, 0.75 mmol) using
the same procedure described in the preparation of 3. The
mixture of 3-chloro-1-methylcyclohex-1-ene and 3-chloro-3-
methylcyclohex-1-ene (130 mg, 1 mmol) was added and the
flask placed again in a dry ice-acetonitrile bath and stirred
overnight (temperature increased slowly from —30 °C to room
temperature). The reaction mixture was diluted with diethyl
ether (50 cm®) and filtered through Celite®. The solution was
then washed with saturated aqueous ammonium chloride
(15 c¢m?®) and brine (15 cm®). The organic phase was dried
over magnesium sulfate and concentrated under reduced
pressure. The product was obtained as a mixture of isomers
(118 mg, 53%) after purification of the residue by flash
chromatography using CH,Cl, and ethyl acetate (10 : 1) as
eluent.  2-fert-Butoxycarbonylamino-3-(1-methyl-cyclohex-2-
enyl)-propanoic acid methyl ester 12b (Sy2' products) and
2-tert-butoxycarbonylamino - 3 - (3-methyl-cyclohex-2-enyl ) -
propanoic acid methyl ester 13 (Sy2 product) were obtained
in a ratio of 2.5 : 1. Subsequent purification of the mixture by
flash chromatography using a mixture of CH,Cl, : ethyl acetate
(4 : 1) did allow the desired products 12b to be isolated as a
mixture of two diastereoisomers A and A’ in a 53 : 47 ratio:
m/z (EI) (Found MH* 298.2018; C,sH,sNO, requires 298.2026)
MH* 298 (28%)), 242 (50), 198 (100); vy, (liquid film)/cm™"; oy
(400 MHz, CDCl,) 1.02 (A, 3H, s, CH;), 1.03 (A’, 3H, s, CHy;),
1.42 [A, 9H, s, C(CH;);], 1.43 [A’, 9H, s, C(CH,);], 1.46-1.66
(A and A’, 4H, m, CH,), 1.72-1.84 (A and A’, 2H, m, CH,),
1.90-1.96 (A and A’, 2H, m, CH,CHNH), 3.70 (A, 3H, s,
OCH,), 3.71 (A’, 3H, s, OCH,;), 4.32-4.41 (A and A’, 1H, m,
CHCO,CH,), 4.81-4.90 (A and A’, 1H, m, NH), 5.38-5.43 (A
and A', IH, br d, J 9.0, CH), 5.62 (A and A’, IH, dt, J 9.0
and 3.5, CH); d. (100 MHz, CDCl;) 18.8 (A, CH,), 18.9 (A,
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CH.), 24.8 (A, CH.,), 24.9 (A, CH.), 27.5 (A, CH,), 27.8 (A,
CH,), 28.3 [A and A", C(CH,):], 34.1 [A, C(CH,),CH,], 34.4
[A’, C(CH,),CH,], 34.9 (A and A’, CH.), 44.8 (A, CH,CHNH),
45.2 (A', CH,CHNH), 50.9 (A and A", CHCO,CH,), 52.1 (A,
CO,CH,), 52.2 (A’, CO,CH,), 79.7 [A, C(CH.)], 79.9 [A’,
C(CH,):], 126.3 (A and A", CH), 135.1 (A, CH), 135.2 (A’, CH),
155.0 [A and A’, NHCOC(CH),], 174.2 (A and A’, CO,CH).

(25)-2-tert-Butoxycarbonylamino-3-(1-methyl-cyclohexyl)-
propanoic acid methyl ester 8b. A solution of the mixture
of diastereoisomers 12b (42 mg, 0.141 mmol) in methanol
(1.4 cm®) was treated with palladium (10 mg, 10 wt% on
activated carbon) and stirred under an atmosphere of hydrogen
for 24 h. The catalyst was removed by filtration through Celite®
and the solvent removed under reduced pressure to yield the
product 8b as a colourless oil (27 mg, 62%). [a]Z +1.3 (¢ 1.92
in CHCL,); m/z (ES) (Found MNa* 322.1998; C,;H,NO,Na
requires 322.1994) MNa* 322 (100%); vy, (liquid film)/cm™!
2927, 2861, 1747, 1714, 1514, 1366 and 1166; dy (400 MHz,
CDCl;) 0.95 (3H, s, CH;), 1.26-1.32 (4H, m, CH,), 1.38-1.43
(6H, m, CH,), 1.42 [9H, s, C(CH,);] 1.60-1.65 (1H, br d, J 14.0,
CH,H;CHNH), 1.72 (1H, dd, J 14.0 and 3.5, CH,H;CHNH),
3.71 (3H, s, OCH,), 4.34 (1H, dt, J 3.5 and 9.0, CHCO,CH,),
4.82 (1H, d, J 9.0, NH); 6 (100 MHz, CDCl;) 21.9 (CH,), 24.6
[C(CH,);], 26.2 (CH,), 28.3 [C(CH5;)s], 33.0 (CH,), 37.8 (CH,),
449 (CH,CHNH), 50.4 (CHCO,CH;), 52.2 (CO,CHs;), 79.8
[C(CH5;);], 155.1 [NHCOC(CH);], 174.6 (CO,CH5).

Phosphoric acid (E)-3,7-dimethyl-octa-2,6-dienyl ester diethyl
ester 16””. Diethyl chlorophosphate (1.3 cm?, 7.78 mmol) was
added dropwise to a solution of geraniol (1 g, 6.48 mmol) and
pyridine (2.1 cm?, 26 mmol) in CH,Cl, (5 cm?) at 0 °C under
a nitrogen atmosphere, and the mixture was stirred for 1 h at
0 °C and then overnight at room temperature. The reaction
mixture was diluted with diethyl ether (50 cm®) and washed
with hydrochloric acid (3 x 10 cm?, 1 M), brine (1 x 10 cm?)
and saturated sodium bicarbonate (I x 10 cm’) and dried
over anhydrous magnesium sulfate. The solvent was removed
under reduced pressure and the product purified by column
chromatography over silica gel using diethyl ether as solvent,
yielding geraniol phosphate 16 as a colourless oil (1.47 g, 78%).
Ve (liquid film)/cm™" 2980, 2912, 1276, 1101 and 1035; oy
(400 MHz, CDCl;) 1.26 (6H, dt, J 7.0 and 1.0, OCH,CH,),
1.52(3H,d J 0.5, CH,CCH,), 1.60 (3H, d, J 1.0, CH;CHCH,),
1.63 (3H, d, J 1.0, CH,;CHCH;), 1.95-2.08 (4H, m, CH,),
4.00-4.07 (4H, m, OCH,CH,), 4.49 (2H, dt, J 7.5 and 0.5,
CHCH,0), 4.98-5.03 (1H, m, CHCH,0), 5.30-5.36 [1H, m,
CHC(CH,;),]; ¢ (100 MHz, CDCl;) 15.9 (J¢» 6.5, OCH,CHy),
16.2 (CH,CCH,), 17.5 (CH,CHCH,), 25.5 (CH,CHC), 26.0
(CH,;CHCHj;), 39.3 (CH,CCH;), 63.4 (J 6.0, OCH,CH,),
63.9 (Jer 5.5, CHCH,0), 118.8 (J¢ 6.5, CHCH,0), 123.4
[CHC(CH,),], 131.7 (CH;CHCH;), 142.3 (CH,CCH,CH).

Coupling of phosphoric acid (2E)-3,7-dimethyl-octa-2,6-dienyl
ester diethyl ester 16 to reagent 2

Organocopper derivative 2 was prepared from N-(fert-
butoxycarbonyl)-3-iodo-L-alanine methyl ester (0.247 g,
0.75 mmol) using the same procedure described in the prepara-
tion of 3. Geraniol phosphate 16 (290 mg, 1 mmol) was added
and the mixture placed again in a dry ice—acetonitrile bath and
stirred overnight (temperature increased slowly from —30 °C to
room temperature). The reaction mixture was diluted with ethyl
acetate and filtered through Celite®. The solvent was removed
under reduced pressure (in order to remove residual DMF it was
necessary to heat at 55 °C under reduced pressure and to leave
the crude material attached to a vacuum pump for 2 h). The
residue was diluted with ethyl acetate (50 cm®) and washed with
saturated aqueous ammonium chloride solution (15 cm?®) and
brine (15 cm?®). The organic phase was dried over sodium sulfate
and concentrated under reduced pressure. A mixture of 17 and 15





(50 : 50 mixture of diastercoisomers) was obtained as colourless
oil (120 mg, 47%) (with a ratio of 17 to 15 of 12 : 88,
as determined by 'H NMR) after purification by flash
chromatography using heptane—ethyl acetate (3 : 1). NMR data
were obtained as follows.

(2S,5E)-2-tert-Butoxycarbonylamino-6,10-dimethyl-undeca-
5,9-dienoic acid methyl ester 17. J, (400 MHz, CDCl;) 1.44
[9H, s, C(CH;);], 1.58 (3H, s, CH;), 1.59 (3H, s, CH;), 1.67
(3H, s, CH;), 1.77-1.88 (2H, m), 1.95-1.99 (2H, m), 2.01-2.08
(4H, m), 3.73 (3H, s, OCH;), 4.24-4.33 (1H, m, CHCO,CH;),
4.96-5.03 (1H, br s, NH), 5.05-5.12 (2H, m).

(2S5,4RS)-2-tert-Butoxycarbonylamino-4,8-dimethyl-4-vinyl-
non-7-enoic acid methyl ester 15. Mixture of diastereoisomers
A and A’ obtained in 50 : 50 ratio. oy (400 MHz, CDCl,)
1.04 (A and A’, 3H, s, CH;CCH,), 1.33 (A and A/, 2H, t,
J 8.0, CH;CCH,), 1.41 [A, 9H, s, C(CH,);], 1.42 [A’, 9H, s,
C(CH;);], 1.57 (A and A, 3H, s, CH;CCH,), 1.66 (A and A’,
3H, s, CH;CCH,;), 1.77-1.90 (A and A’, 4H, m, CH,CHNH +
CH,CHC), 3.68 (A, 3H, s, OCH;), 3.70 (A’, 3H, s, OCH;),
4.30 (A and A’, 1H, m, CHCO,CH,;), 4.82 (A and A’, 1H, d, J
8.0, NH), 4.92-5.02 (A and A’, 2H, m, CH,CHC), 5.02-5.10
[A and A’, 1H, m, CHC(CH;),], 5.66-5.76 (A and A’, 1H, m,
CH,CHC). d. (100 MHz, CDCl;) 17.8 (A and A’, CH,CHC),
22.1 (A, CH;CCH;), 22.2 (A’, CH;CCH;), 22.8 (A, CH;CCH,),
22.9 (A’ CH;CCH,), 25.9 (A and A’, CH;CCH,), 28.6 [A and
A’, C(CH;)s], 39.5 (A, CH;CCH,), 39.7 (A’, CH;CCH,), 41.4
(A, CH;CCH,), 41.5 (A, CH;CCH,), 43.8 (A, CH,CHNH),
44.0 (A’, CH,CHNH), 51.1 (A and A’, CHCO,CH,), 52.3 (A
and A’, OCH,), 79.8 [A and A’, C(CH,;);], 112.7 (A, CH,CHC),
113.1 (A’, CH,CHC), 124.7 [A and A’, CHC(CH,),], 131.6
[A and A’, CHC(CH,;),], 145.8 (A, CH,CHC), 1459 (A,
CH,CHC), 155.2 [A and A’, NHCOC(CH);], 174.3 (A and A’,
CO,CH,).

Ring closing metathesis of 15

Grubbs' 2™ generation catalyst (11 mg, 5 mol%) was placed
in a round bottom flask equipped with a magnetic stirrer bar
under nitrogen. A solution of the mixture of 15 and 17 (70 mg,
0.206 mmol) in dry toluene (2 cm®) was added, and the reaction
mixture was heated at 80 °C for 16 h. After cooling, the
solvent was removed under reduced pressure and the residue
was purified by flash chromatography (gradient 2-10% EtOAc
in petroleum ether) to give an inseparable mixture (54 mg)
(86 : 14 ratio) of (25)-2-tert-butoxycarbonylamino-3-(1’-methyl-
cyclopent-2'-enyl)-propanoic acid methyl ester 12a (50 : 50 mix-
ture of diastereoisomers) and (2.5)-2-tert-butoxycarbonylamino-
6-methylhept-5-enoic acid methyl ester 18 (tentatively identified
as a component of the mixture by comparison with literature
data''), which was used directly in the next step.

(2S8)-2-tert-Butoxycarbonylamino-3-(1-methyl-cyclopentyl)-
propanoic acid methyl ester 8a

A solution of the mixture of 12a and 18 (56 mg) in methanol
(2 cm?) was treated with palladium (10 mg, 10 wt% on activated
carbon) and stirred under an atmosphere of hydrogen for 24 h.
The catalyst was removed by filtration through Celite® and the
solvent removed under reduced pressure to give a mixture which
was purified by flash chromatography using petroleum ether
(40-60) : diethyl ether to give (25)-2-tert-butoxycarbonylamino-
6-methylheptanoic acid methyl ester 19" and (2S5)-2-tert-
butoxycarbonylamino-3-(1-methyl-cyclopentyl)-propanoic acid
methyl ester 8a (45 mg, 73% overall yield from the mixture of

15 and 17, and 84% overall yield based on the amount of 15) as
a colourless oil. [a]? —1.8 (¢ 0.56 in CHCl); m/z (EI) (Found
MH?* 286.2024; C,sH,xNO, requires 286.2018) MH* 286 (1.5%),
230 (47), 186 (100); vy, (liquid film)/em™" 2955, 1715, 1513,
1366 and 1166; dy (400 MHz, CDCl;) 0.96 (3H, s, CH,C), 1.42
[9H, s, C(CHj;)s], 1.34-1.45 (4H, m, CH,), 1.53 (1H, dd, J 14.0
and 8.5, CH,Hz;CHNH), 1.57-1.68 (4H, m), 1.85 (1H, dd, J
13.5 and 4.0, CH,H,;CHNH), 3.72 (3H, s, OCH;), 4.36 (1H,
dt, J 4.0 and 8.5, CHCO,CH,;), 4.83 (1H, d, J 8.5, NH); dc
(100 MHz, CDCl;) 23.6 (CH,), 24.0 (CH;C), 24.8 (CH; (), 28.3
[C(CH5;)], 39.8 (CH,), 44.9 (CH,CHNH), 51.7 (CHCO,CH,),
52.2 (CO,CH,;), 79.8 [C(CH;);], 155.1 [NHCOC(CH);], 174.4
(CO,CH,).
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The stereochemistry of thiodipeptides of proline [e.g. Ala-
Y[CS-N]-Pro] can be controlled using pH, allowing the
trans-preference for substrates of the peptide transporter
PepT1 to be confirmed.

The stereochemistry of the peptide bond is generally accepted as
being trans, but there are now many examples that indicate that
this is not always the case. In particular, the secondary amino
acid proline has a much smaller thermodynamic preference for
the trans-stereochemistry; several examples of cis-prolyl peptides
or proteins are now documented, and cis—trans isomerisation
can be used as a ‘switch’, which can be induced by isomerase
enzymes.'™

We have been studying the peptide transporter PepT1, which
is an essential eukaryotic membrane protein that actively
transports di- and tri-peptides across the wall of the small
intestine.>” The preferred stereochemistry of the peptide bond
has been probed by us using molecular mechanics based
modeling.® One idea that arose from this work was that the cis
stereochemistry might explain the high affinity of dipeptides for
PepT1 as, in their zwitterionic form, there is little difference in the
energy of the two isomers due to an intramolecular salt bridge

(see Fig. 1).
R1
R1
H H,N o
3!
HZN/'\H/N\_/COZH C +/'\f

1a 1 R?

Fig.1 Dipeptides in the trans (1a) and cis (1b) conformations.

Elegant work by Brandsch et al. had employed configu-
rationally more stable thiopeptides to probe this question,’
utilizing thiodipeptides of Ala-Pro, but we have developed and
extended this work in two ways: a) We have used pH to control
the trans : cis ratio. b) We have used other thiodipeptides to
confirm the frans-stereochemical preference of PepT1.

Thioamides undergo slower rotation of the C—N bond than
the corresponding amides (typical ¢,,, measured in hours instead
of milliseconds at RT);! this provides a convenient handle to
analyze peptide bond stereochemistry using such analogues.
It is well known that the amides of secondary amines show
the presence of both trans and cis isomers by NMR, and we
wondered if the ionization of thiodipeptides might be used to

1 In memory of Ian Collier (1960-2002).
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control and temporarily lock the trans : cis ratio. Accordingly,
we prepared the known thiodipeptide Ala-¥[CS-N]-Pro,” and
incubated it for 48 h at RT at various pH values. Analysis by 'H-
NMR readily allowed us to determine the trans : cis ratio, with
the methyl doublet of the alanyl residue being a clear marker
(Fig. 2).

pH28 pHEE

160 155 150 145 140

Fig. 2 Methyl doublets of alanine in the 'H spectra NMR (D,O,
400 MHz) of Ala-W[CS-N]-Pro at pH 2 (trans : cis =9 : 1) and pH 7
(trans : cis = 3 : 2).

We demonstrated that pH control of stercochemistry was
achievable, with a dramatic reduction in the trans content at
pH < 3.5 (Fig. 3); the stereochemical assignment was confirmed
by NOESY experiments (see Fig. 4).

Plot of pH against %age of cis isomer

pH

Fig. 3 Variation of trans : cis ratio with pH for Ala-¥[CS-N]-Pro.
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Fig. 4 Selected NOE data from the alanyl-Me and prolyl-a-H for
Ala-¥[CS-N]-Pro in D,O at pH 7 for the trans (2a) and cis (2b)
conformers.

Table 1 Inhibition of uptake of [*H]-D-Phe-L-Gln into PepT1 express-
ing oocytes by Ala-¥[CS-N]-Pro"

Pre-incubation Estimated trans : cis Expt. K;
pH7 67:33 0.56 mM (s.e. = 0.07)
pH 3 90: 10 0.40 mM (s.e. = 0.08)

Knowing that the thiopeptides are configurationally stable
over time-scales up to a few hours (¢ 1 ca 12 h), we compared the
K; values for Ala-¥[CS-N]-Pro containing 33% or 10% of the
cis-isomer, and these results are shown in Table 1.

If the trans-isomer binds much more strongly than the cis-
isomer, we would expect the apparent K; to be about 1.3 times
higher for thiodipeptide pre-incubated at pH 7, as was indeed
observed. This both agrees with the results of Brandsch et al.
(and hence verifying that trans/ cis control using pH can be used
to probe biological activity), and confirms the preferred trans
stereochemistry for Ala-¥[CS-N]-Pro.

Nevertheless, proline is uniquely a secondary amine amongst
DNA encoded amino acids, and it might have been possible
for the carboxylic acid of this residue to have been located
appropriately for binding of the trans amide, whereas all other
dipeptides might have preferred the cis stereochemistry (Fig. 5).

4a H H
N
H3N‘\;)\[(N <\]\
R — N7 HisY
0o co, H
4b R ,
9y cor

YR
.
HBNHMNH </ ]\
R’ N

o B His®”

. J

Fig. 5 Possible interactions of dipeptides with His*’; 4a shows how
a Xxx-Pro dipeptide might form a salt bridge via the trans-peptide
conformer, whereas 4b shows how dipeptides with other residues at
position 2 might also form a salt bridge via the cis-peptide conformer.

We therefore prepared the simple thiodipeptide 5b, which
was almost entirely in its trans stereochemistry (confirmed by

NMR analysis), but with a high kinetic barrier to rotation.
This thiodipeptide showed binding to PepT1 that was similar
to its dipeptide analogues 5a, and a large range of other
thiodipeptides demonstrated similar binding. As thiopeptides
are configurationally stable during transport, this result crucially
indicates that the frans stereochemistry is preferred at the first
amide bond.

CHs Sa X=0 K;=023M (se. 0.05)

H

N_ _COH
AN Y s 0.2 0.0

X bwosn P X-S Ki—029M(se.001)

In summary, we have developed a method for controlling the
trans : cis ratio in prolyl dipeptides using pH, and demonstrated
that this can be used to analyze stereochemical preferences
in the binding to proteins. Moreover, we have unambiguously
determined that the trans-peptide bond is essential for high
affinity binding to PepT1.
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An aminocatalytic method for the formation of bisindoly-
lalkanes is described; the reaction proceeds effectively at
ambient temperature in the presence of moisture and air
for both aldehyde and ketone substrates and has been
applied to the one-step preparation of a series of naturally-
occurring bis- and tris-indolylalkanes.

The use of aminocatalysis as an effective platform for carrying
out synthetic transformations and has recently caught the
imagination of the chemical community.! Ease of operation,
tolerance of functional groups and readily accessible catalysts
has led to an exponential growth in the reaction portfolio
available to the synthetic chemist. We have become interested in
the structure-activity relationship of the catalyst architecture,
in particular how the o-effect can be used as an effective
platform for iminium ion catalysis.? Herein we report the first
aminocatalytic method for the preparation of bisindolylalkanes
and its application to the preparation of a series of naturally-
occurring systems representing this structurally important class
of bioactive metabolites.?

It has been shown previously that bisindolylalkanes can be
prepared using both Brensted* and Lewis acids® by treatment
of the appropriate aldehyde with a two-fold excess of the indole
to generate the corresponding adduct (Fig. 1). These reactions
generally require strongly acidic conditions and elevated tem-
peratures in order to generate the product in reasonable yield.
Recently, it was reported that N-tert-butanesulfinyl aldimines
could be used as effective substrates for this transformation
using a stoichiometric amount of a Brensted acid for the
transformation, and this approach was used to prepare the
addition product of a series of these aldimines.” We reasoned
that this process could be rendered catalytic by the use of a
secondary amine and an equivalent of aldehyde, generating an
aldimine intermediate in situ, and also sought to discover if
the process could also be applied to more challenging ketone
substrates, to provide an efficient route through to a diverse
range of representatives of this class of compound.

R1
O
-t v
N R!
H HN NH

| |
Fig. 1 Acid-catalysed formation of bisindolylalkanes.

Brensted or

_— >

Lewis acid

We chose as our initial catalyst the benzoic hydrazide derived
catalyst 1 which has been shown previously to be an effective
catalyst in iminium ion-catalysed transformations.? Our investi-
gations started with the reaction between propionaldehyde and
indole (Table 1). In less polar solvents such as acetonitrile the
product was formed in negligible amounts (Table 1, entry 1);
however, increasing the polarity of the solvent gave an indication
that the reaction was indeed feasible (entries 2 and 3). Changing
to a protic solvent such as methanol led to a remarkable change
in the reaction profile, with the desired bisindolylalkane being
isolated in 84% yield (entry 4). Although water was also effective
as the reaction solvent (entry 5), we generally found the reactions
to be operationally simpler in methanol and adopted it as our

This journal is © The Royal Society of Chemistry 2005
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Table 1 Amino-catalysed reaction of indole and propionaldehyde”

A
NO
HHC\ COPh Et
N Q 1
+ )\ - ' .
N Et solvent, r.t. | \

HN NH
Entry Catalyst (mol%) Solvent Yield (%)
1 1(5) MeCN 0
2 1(5) DMF 62
3 1(5) DMSO 55
4 1(10) MeOH 84
5 1(5 H,O 62
6 None MeOH 0
7 NEt;-HCI (10) MeOH 0
8 AcOH (10) MeOH 0

“ All reactions were performed at room temperature for 24 h.

solvent of choice. In the absence of any catalyst none of the
desired product was detected (entry 6). Indication that this
reaction proceeds via an iminium ion intermediate, rather than
being accelerated by the HCI present in the reaction medium,
came from the fact that no product was detectable when 10 mol%
triethylamine hydrochloride was used as the catalyst (entry 7).
Acetic acid was also ineffective at accelerating this reaction at
room temperature (entry 8).

Encouraged by these initial results we went on to investigate
the generality of this procedure (Table 2). The reaction was
effective for a variety of aldehydes including propionaldehyde
(Table 2, entry 1) and cyclopropanecarboxaldehyde (entry 2).
It was possible to lower the catalytic loading to just 1 mol%
1, with the adduct between benzaldehyde and indole being
isolated in an excellent 84% yield after 32 h (entry 3). The
reaction was tolerant of unprotected phenols (entry 4) with
the adduct of 4-hydroxybenzaldehyde being isolated in 89%
yield. We were also able to obtain the bisindolylalkane upon
reaction of ketone substrates with indole, for example, both
cyclohexanone (entry 5) and methyl cyclopropyl ketone (entry 6)
gave the expected products in acceptable yields. Acid-sensitive
functional groups such as ethylene ketal (entry 7) could also
tolerate the reaction conditions, exemplifying the mildness under
which these reactions proceed. The reaction was not limited
to indole as the substrate with N-methylindole reacted with
both aldehydes (entry 8) and ketones (entry 9). Electron-rich
(entry 10) and electron-deficient (entry 11) indoles also gave the
expected products.’

Having established that we had a general, mild and efficient
aminocatalytic method of accessing the bisindolylalkane frame-
work, we then sought to apply the methodology to preparing
a variety of naturally-occurring compounds (Scheme 1 and
2). We first targeted vibrindole A 2. which was obtained
in 80% yield from the reaction of acetaldehyde and indole.
The trisindolylalkane 3, isolated from the bacterium Vibrio
parahaemolyticus,"* was prepared by the reaction of indole-3-
carboxaldehyde and indole in 77% yield. We were also able to
obtain the compound 4, isolated from the same natural source
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Table 2 Scope of bisindolylalkane formation*

Entry Indole Carbonyl Yield (%)
1 0 84
A\ )\

N Et
N
2 @[\> Ci 74
N V
H
b
3 @ O‘ 84
N [ j
H
4 ©j\> Ol 89
N [ j
H
HO
5 ©E\> 0 58
y
6 ©[\> o] 69
N v)k
y
7 @E\> o 50
N
H
Q" "o
\_/
8 0 81
cn
N Et
Me
9 @ o) 69
N v)k
Me
10 MeO 0 55
cp J
N Et
N
11 cl 42
T S
N Et
N

“ All reactions were carried out with 1 equiv. of carbonyl compound and
2 equiv. of indole in MeOH at room temperature for 16-24 h in the
presence of 10 mol% 1 except where noted. ® Reaction was carried out
in the presence of 1 mol% 1 for 32 h.

from the coupling of isatin and two equivalents of indole, thus
reinforcing the generality of the reaction to both aldehydes and
ketones.

Finally, we targeted the naturally-occurring tris-indole 5
which was isolated as a racemate from the bacterium Vibrio
parahaemolyticus."* This was prepared by the reaction of cro-
tonaldehyde and three equivalents of indole (Scheme 2). We
believe this reaction proceeds via initial iminium ion formation
by reaction of the catalyst 1 with crotonaldehyde 6 to give 7,
followed by conjugate addition of indole.”? Protonation of the
resulting enamine to restore the iminium ion 8, followed by
the 1,2-addition of indole, elimination and regeneration of the
catalyst and addition of a third molecule of indole then furnishes
the observed product 5, which was isolated in a respectable 51%
yield after three C—C bond-forming reactions.

In summary, we have described the first aminocatalytic
method for the preparation of the bisindolylalkane framework
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Scheme 2 Tandem conjugate addition-condensation reaction.

that takes place at room temperature in the presence of both
moisture and air. The reaction is effective for both aldehydes
and ketones and is also tolerant of substitution on the indole
ring. The methodology can also be applied to a tandem iminium
ion-catalysed conjugate addition—condensation reaction for the
introduction of three indole units to give the tris-indole 5 in
one step, expanding the organocatalytic reaction portfolio and
providing further evidence of the potential and significance that
aminocatalysis can play in the construction of complex organic
molecules.

The authors wish to thank the EPSRC for financial support
and Swansea HRMS service for analyses.
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