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instead, presumably by means of 8-H elimination.l”) As shown
also in Scheme 3, activation of EtOPh by 1 (toluene, 110°C,
2 h) gave compound 6 (see Supporting Information). It thus
appears that the very important steric demands of the Tp*
ligand (as compared with the somewhat less bulky cyclo-
pentadienyl ligand, Cp*) and its rigid nature, which tends to
enforce six-fold coordination to the metal center, favors a-H
elimination over f3-H elimination in the transformations
studied here.

In summary, we have shown that the Ir! compound 1 effects
the regioselective, double C—H activation of a variety of ether
and amine substrates by allowing their precoordination to the
metal center. The formation of Fischer-type carbenes in this
cascade activation (cyclometalation-$-elimination (or vice
versa)-a-elimination) is made possible by the presence of an
adequate hydrogen-accepting leaving group. The Tp*- and
Cp*-Ir systems reported herein include O and N heteroatoms.
Comparative studies on the facility of these fundamental
organometallic reactions (a- and f-eliminations) on closely
related Tp*- and Cp*-Ir systems without these heteroatoms
that could alter the relative energies of the transition states
and intermediates,l'”] are presently in progress and will be
reported in due course.

Experimental Section

1: To a suspension of [ (IrCl(coe),),] (175 mg, 0.20 mmol) in CH,Cl, (6 mL),
2-methylbutadiene (0.3 mL, excess) was added at room temperature to give
a colorless solution. A solution of TITp™ (253 mg, 0.40 mmol) in CH,Cl,
(6 mL) was then added. Stirring the reaction mixture for 4 h at room
temperature resulted in the precipitation of TICI. After filtration, the clear
solution was evaporated to dryness. The crude product (orange powder)
was purified via column chromatography (neutral aluminum oxide 90 %
activated, eluents PE (petroleumether):Et,O =15:1, eluted as a pale violet
band). Compound 1 was obtained upon changing the eluents to PE:Et,0 =
4:1 and it eluted as a yellow band. Removing the solvent and drying in
vacuum gave pure 1. Yield: 198 mg (71 %). Elemental analysis: calcd for
C;,H;BIrNg (%): C 54.8, H 4.3, N 12.0; found: C 54.4, H 4.1, N 12.2.

Compounds 2-6 can be prepared similarly by treating 1 with an excess of
the corresponding ether or amine. As a representative example the
synthesis of 5 is given: A solution of 1 (70 mg, 0.10 mmol) in Et,O was
heated at 60°C for 12h. The solution was evaporated to dryness.
Purification by flash chromatography (neutral aluminum oxide 90%
activated, eluents PE:Et,O =2:1, eluted as a yellow band) resulted in pure
5. Yield: 58 mg (82 % ). Elemental analysis: calcd for C;;H;BIrN,O (%): C
52.8, H 4.3, N 11.9; found: C 53.0, H 4.6, N 11.7.
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oxygen, sulfur, and nitrogen atoms are known, only a few are
capable of catalyzing N,N-dimethylation.!l!! Our knowledge of
these enzymes is scarce as most of them have never been
isolated and fully characterized. Recently, genetic studies of
the biosynthesis of desosamine (1), a structural component of
the antibiotics methymycin (2), neomethymycin (3), pikro-
mycin, and narbomycin produced by Streptomyces venezue-
lae,” have led to the tentative assignment of desVI in the
methymycin/pikromycin biosynthetic gene cluster as a candi-
date for encoding a new N,N-dimethyltransferase.’! The
DesVI protein presumably acts on the C-3 amino group of
sugar substrate 4 to give TDP-desosamine (5, see Scheme 1).
The fact that disruption of the desVI gene in the genome of S.
venezuelae resulted in the formation of a series of macrolides
carrying an amino sugar devoid of N,N-dimethylation pro-
vided initial evidence to indicate that desVI indeed encodes an
N,N-dimethyltransferase.
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Scheme 1.

To further verify the proposed role of the desVI gene, we
have now expressed and purified its encoded product, and
characterized the catalytic function of this protein. In this
paper, we report chemical evidence which establishes the role
of DesVI enzyme as the methyltransferase catalyzing the N,N-
dimethylation, the last step in the biosynthesis of desosamine.
The N,N-dimethylation of the C-3 amino group in 4 rendered
the product 5 more susceptible to protonation, a modification
essential for enhancing the binding affinity of the resulting
macrolide antibiotic toward its negatively charged 23S
ribosomal RNA target.!

To study the function of DesVI, the desVI gene was
amplified by the polymerase chain reaction (PCR) and cloned
into the Ndel/EcoRI sites of the expression vector
pET28b(+). The resulting plasmid was used to transform
Escherichia coli BL21(DED3) cells, and the recombinant strain
was grown at 30°C in LB (Luria-Bertani) medium. Induc-
tion of protein expression was achieved by the addition of
0.1mMm isopropyl B-D-thiogalactoside (IPTG). The DesVI
enzyme, tagged with His, at its N terminus, was purified to
near homogeneity using Ni—nitrilotriacedic acid (Ni—-NTA)
resin (Qiagen), and was found to be stable in phosphate
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buffers containing 0.1mwm dithiothreitol (DTT) and 0.1 mm
AdoMet. Further analysis using size-exclusion chromatogra-
phy (Superdex 200 resin) revealed that DesVI exists as a
homodimer with a subunit molecular mass of 28.1 kDa.[l The
UV/Vis spectrum of the purified enzyme is transparent above
300 nm.

The predicted substrate of DesVI, 4, was synthesized from
methyl 4,6-O-benzylidene-glucoside (6) as depicted in
Scheme 2. Preparation of the first key intermediate 9 was

Ph 020 a PR 0, PR o
Ho L Ho BnO
HO BnO HO

6 OMe 7 OMe 8 OMe
| b
Cl ¢ OH
o c HO o
AcO - AcO
BnO BnO
OMe OMe
|
Me
Me Me
o) 0 o)
Acoﬁﬁ e f Na
BnO BnO
BnO Svie HO =~ OMe " OMe
9 10 1
9]
Me
0 Me
HoN EE— N o
o BnO ” OBn N
OP03 BnO 3y
\i

o
o Me o
HoN T e o (5" NH R'R?N
S ol ¢ 9 6" N’ko = HO
0-p-0-p-07 o OTDP
Il I 1" 4 R',R?=H,H
o o 4

5 R', R%=Me, Me
16 R',R2=Me, H

Scheme 2. a) 1. (nBu;Sn),0, toluene; 2.BnBr; b) 1 Ac,O, pyridine;
2. HOAc, H,0; ¢) SO,Cl,, CHCl;, pyridine; d) nBu;SnH, AIBN, toluene;
e) 1. NaOMe, MeOH; 2. (COCl),, DMSO, DIPEA, CH,Cl,; 3. NaBH,,
MeOH; f)(PhO),P(O)N;, Ph,;P, DEAD, THF; g)BBr;, CH,Cl;
h) 1. iPr,NP(OBn),, 1H-tetrazole, MeCN; 2. mCPBA, CH,Cl,; i) H,,
Pd(OH),/C, NaHCO;, MeOH; j) 1H-tetrazole, TMP-morpholidate, pyr-
idine. Bn =benzyl, AIBN = azobisisobutyronitrile, DIPEA = diisopropyl-
ethylamine, DEAD = diethylazodicarboxylate, mCPBA = meta-chloroper-
oxybenzoic acid, TMP =thymidine-5-(trihydrogenphosphate), TDP =
thymidine-5'-(dihydrogenphosphate).

initiated by a selective monobenzylation mediated by bis-
(tributyltin) oxide (7:8=8:1),[1 followed by acetylation,
deprotection, dichlorination, and reduction with an overall
yield of 14 % . After hydrolysis, the configuration of 3-OH was
inverted by a Swern oxidation and NaBH, reduction (77 %
yield from 9). The amino group, masked as an azide moiety,
was introduced at C-3 of 10 under Mitsunobu conditions to
give 11 in 81 % yield. Subsequent demethylation was effected
by BBr; at low temperature (—78 to 0°C), and the product
was benzylphosphorylated to give 12 (34 % yield). The final
steps involved hydrogenation of 12 with Pd(OH),, Degussa
type,®l and coupling of the resulting product with TMP-
morpholidate.’) Compound 4 was purified by a Bio-P2
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column (eluted with 25 mm NH,HCO), and then MonoQ fast
protein liquid chromatography (FPLC; linear gradient elution
from 0 to 0.5M NH,HCO,).['%

To facilitate confirmation of the enzymatic product struc-
ture, a convenient protocol to make the expected product,
TDP-desosamine (5), was also developed. As delineated in
Scheme 3, the preparation began with the acid hydrolysis of

Me
a MezN (o:B=6:1)
AcO OAc
14
\ b
A
Me Me
. ¢ MeN
HO HO
OTDP OPOz%~
5 15 8

Scheme 3. a) 1. 6N HCI, H,O, EtOH, reflux; 2. Ac,0, H,SO,; b) 1. H;PO,,
P,0s; 2. 2M LiOH; ¢) TMP-morpholidate, 1 H-tetrazole, pyridine.

the commercially available erythromycin B (13).'] The
released desosamine was directly acetylated to give 14 in
89 % yield. The crude product was relatively labile at room
temperature; however, it was rendered more stable after
neutralization by dissolving in dichloromethane and washing
with ammonium hydroxide and water. Direct phosphorylation
of 14 using crystalline phosphoric acid followed by alkaline
hydrolysis with lithium hydroxide afforded desosamine
1-phosphate (15) as a mixture of a- and fB-anomers. The
crude mixture was loaded onto a Dowex-50W column (cyclo-
hexylammonium ion form) and eluted with water. The desired
a-anomer of 15 was obtained in 12% yield after further
purification by a Bio-P2 column (eluted with water). The
subsequent coupling with TMP-morpholidate and the purifi-
cation of the desired product § followed a procedure which
was analogous with the synthesis of 4.2

To test whether DesVI is the desired methyltransferase, the
purified DesVI (20 ug) was incubated with 4 (0.06 umol),
AdoMet (0.5 pmol), and DTT (2mwm) at 27°C for 3 h in S0mm
potassium phosphate buffer (50 uL, 10% glycerol, pH 7.5).
The incubation mixture was analyzed by HPLC with an
Adsorbsphere SAX column (5 ¢, 4.6 x 250 mm) using a linear
gradient from 140 to 320 mm potassium phosphate buffer
(pH 3.5) over 20 min. Detection was at 267 nm, and the flow
rate was 1.0 mL min~%. It was found that greater than 80 % of
4, which has a retention time of 6.5 min, was consumed and a
new peak appeared at 17.0 min. A subsequent large scale
incubation of 1.8 mg of DesVI, 4 (5.7 umol), AdoMet
(30 umol), and DTT (2mM) in 1 mL of the same buffer at
25°Cfor 3 h allowed the isolation and purification of this new
compound. Spectral characterization confirmed that the
purified product is indeed the desired TDP-desosamine (5).
When the reaction was quenched (boiled for 2 min) at an
earlier time, an intermediate with a retention time of 9.3 min,
presumably the monomethylated species 16, could also be
detected. The percentage conversions of 4 to 16 and 5 were
estimated based on the integration of the corresponding

2162 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000
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HPLC peaks, and by fitting these data to the rate laws for an
irreversible unimolecular consecutive reaction (4—16—5)
led to the constants of 0.005 and 0.82 min~! for the mono- and
dimethylation steps, respectively. Thus, our results clearly
demonstrate that DesVI is the required methyltransferase in
the biosynthesis of desosamine, and it alone catalyzes the N,N-
dimethylation of the 3-amino group of 4 in a stepwise manner.

In summary, the above results have clearly established
DesVI as a new member of the small family of enzymes that
are capable of catalyzing N,N-dimethylation.l! It should be
pointed out that the deduced sequence of DesVI reveals
significant similarity to those of EryCVI from the erythro-
mycin cluster of Saccharopolyspora erythraea (62 % identi-
ty),B OleM1 from the oleandomycin cluster of Streptomyces
antibioticus (61%),’! TyIM1 from the tylosin cluster of
Streptomyces fradiae (60% identity),'¥ SnoX from the
nogalamycin cluster of Streptomyces nogalater (55% iden-
tity),['®) RdmD from the rhodomycin cluster of Streptomyces
purpurascens (57 % identity),l') and SrmX from the spiramy-
cin cluster of Streptomyces ambofaciens (57 % identity).['"]
The catalytic role of TyIM1 as an AdoMet-dependent N,N-
dimethyltransferase has recently been verified.'! The fact
that DesVI also acts on the amino group of a sugar substrate
in a similar manner provides convincing evidence suggesting
similar roles for these proteins in their respective biosynthetic
pathways. The N,N-dimethylation of amino sugars could be a
convenient tool to modify their chemical properties due to the
changes in size, hydrogen-bonding capacity, and propensity
for protonation of the amino group. Therefore, with the
addition of DesVI and the expectation that other similar
methyltransferases will be added in the future to the arsenal of
biosynthetic genes, the ability to prepare designed glycocon-
jugate analogues with novel tailored biological activities
should be enhanced significantly.
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erable attention in the literature because of their important
role in natural photosynthesis. These processes involve the use
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transferring the absorbed energy to a nearby secondary
energy acceptor species. The energy-transfer process is
influenced by the spatial relationship of the donor and
acceptor chromophores, and recently researchers have sought
to mimic the efficient arrangements found in nature. These
include chromophore-functionalized polymers,! dendrim-
ers,2l supported Langmuir—Blodgett films,®! thin films,
and microspheres.’l Here, we report the use of self-assembled
monolayers (SAMs) to align the donor and acceptor chro-
mophores and facilitate intermolecular energy transfer.
Intermolecular interactions between adjacent adsorbates
have previously been applied to improve the chemical
stability of monolayersl® and to facilitate surface-directed
polymerization”! or surface-confined photodimerization.[®]
We extend the exploration of these interactions to include
long-range photo-induced Forster energy transferl®l between
donor and acceptor chromophores on SAMs. This process
involves a through-space dipole —dipole interaction that does
not occur by “hopping” through bonds. Energy transfer can
thus be facilitated by assembly of donor and acceptor
chromophores as mixed monolayers.

We have recently reported efficient light harvesting by
chromophore-labeled dendrimers in which light is funneled
through space by Forster energy transfer from multiple
coumarin-2 (1) donor dyes at the dendrimer periphery to a
single coumarin-343 (2) acceptor chromophore.['”l These dyes
were also chosen for our chromophore-labeled monolayers
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