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the partial separation of the pure diastereomers, which were obtained in a
combined yield of 75 %. Removal of the protecting groups with trimethyl-
silyl triflate,'”] N-acylation with octanoyl chloride?” and final chromatog-
raphy afforded erythro-1in 14 % overall yield from pentadecyne.

erythro-1: [a]p = +3.0 (c=0.8 in CHCl;); IR (NaCl): 7 = 1550, 1644, 3010,
3287 cm~!; 'TH NMR (300 MHz, CDCl,): 6 =0.87 (t,6 H,J = 6.2 Hz), 1.01 (s,
2H), 1.25 (s, 28 H), 1.60 (m, 4H), 2.24 (t, 2H, J =72 Hz), 2.45 (dt, 2H, J =
76, J' =12 Hz), 3.02 (brs, 1H), 3.37 (brs, 1 H), 3.71 (dd, 1H, J=11.4, J =
3.4 Hz), 3.87 (dd, 1H, J=11.2, J' =4 Hz), 4.18 (m, 1 H), 4.85 (s, 1 H), 6.37
(brd, 1H); 3C NMR (75 MHz, CDCl;):  =8.36, 14.04, 14.10, 22.58, 22.66,
25.70,25.82,27.27,28.99, 29.19, 29.33, 29.37, 29.44, 29.57, 29.63, 29.64, 29.64,
29.67, 31.65, 31.89, 36.77, 53.74, 63.12, 70.52, 107.52, 115.40, 174.00. HR-MS
caled for CpyH5 NO;: 437.386895; found: 437.387000.

The dihydroceramide desaturase inhibition assay was performed by using
rat liver microsomes, which were prepared as reported.’l The activity of
dihydroceramide desaturase was determined in phosphate buffer (0.1m,
pH 7.4), with D-erythro-N-octanoylsphingosine as substrate. The inhibitor
(at the indicated concentrations) and the substrate (15nmol) were
solubilized (15 nmol of BSA in phosphate buffer/ethanol 9:1 v/v, 100 uL),
combined with the microsome suspension (1 mg of protein) and NADH
(30 uL, 1 pm in phosphate buffer), and made up to a final volume of 300 uL
with phosphate buffer. The suspension was incubated for 30 min at 37°C,
and the reactions were terminated by the addition of CHCl; (0.5 mL)
containing D-erythro-N-hexanoylsphingosine (1 nmol) as an internal stan-
dard for quantification. The lipids were extracted with CHCl; (2 x 250 pL),
the combined organic layers were evaporated under a stream of nitrogen,
and the residue was derivatized with bistrimethylsilyltrifluoroacetamide
(50 pL, 25°C, 60 min). After derivatization, CHCl; (50 pL) was added and
the samples were stored at —80°C. Instrumental analyses were carried out
by gas chromatography coupled to electron impact (70 €V) mass spec-
trometry using a Fisons gas chromatograph (8000 series) coupled to a
Fisons MD-800 mass-selective detector. The system was equipped with a
nonpolar Hewlett — Packard HP-1 capillary column (30 m x 0.20 mm i.d.),
which was programmed from 100 °C to 340°C at 7°Cmin~'. Analyses were
carried out in the selected ion monitoring mode. Selected ions were m/z =
311, 313, 230, and 258. Dwell (time for which a given mass is monitored)
was set at 0.02 s and the mass span at 0.5.
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Synthesis of Cored Dendrimers with Internal
Cross-Links**

Laura G. Schultz, Yan Zhao, and
Steven C. Zimmerman*

The physical properties of a dendrimer may be manipulated
by post-synthetic modification of its periphery, core, or
interior. Such alterations can tune the bulk properties of the
dendritic system and frequently convert simple dendrimers
into functional macromolecules. For example, incorporation
of molecular recognition elements on the periphery of a
dendrimer produces multivalent receptors capable of ligand
binding or supramolecular assembly.l'l Organometallic func-
tional groups can also be added to the periphery, thus creating
macromolecular catalysts.'3 In contrast to the many reports
of end-group functionalization, there are only a few examples
of covalent modification of the interior of the dendrimer.”!
We recently reported®™ the “coring” of dendrimer 1 by ring-
closing metathesis (RCM) of the peripheral homoallyl ether
groups( using ruthenium benzylidene catalyst 27 followed by
hydrolytic removal of the core. In some respects, “cored”
dendrimers resemble hollow, polymeric nanospheres or core-
shell nanoparticles.l’! Consequently, the potential of “cored”
dendrimers to encapsulate or complex substances makes them
outstanding candidates for delivery agents or molecular
Sensors.

Our reported synthesis of cored dendrimersP! is limited in
its scalability by the requirement of high dilution (about
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10-°M) to effect intramolecular cross-linking. By internalizing
the alkenes there is a possibility that intermolecular cross-
linking will be disfavored, as one dendrimer would need to
interpenetrate another. Armes and co-workers used a similar
strategy in the synthesis of shell-cross-linked knedel (SCK)
micelles.”) To test the idea that internalizing the cross-linking
groups would favor RCM reactions at higher concentration
three new dendrimers (3a, 3b, and 4) were designed and
synthesized. Dendrimers 3a and 3b are identical except that
the latter, a control compound, lacks the additional dendritic

Angew. Chem. 2001, 113, Nr. 10
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3a:R=cCH,,3b:R=Me

o (6]

layer so the allyl groups reside on the surface. In both cases,
the dendrimer contains labile ester linkages to the core.

Dendrimers 3a and 3b were synthesized using the con-
vergent approach!'”! employing either the Mitsunobu ether-
ificationl) or phenol-bromide coupling!'” as shown by
Scheme 1. The synthesis of 6, required for the synthesis of
3a, is shown in Equation (1) (Ms=mesyl = methanesulfan-
y1).2l. Bromide 6 was then coupled with phenol 7 and
converted into bromide 8a. Phenol 7 was obtained by
reduction of the corresponding aldehyde, a compound first
reported by Claisen and Eisleb.['¥ The coupling of bromide 8 a
with commercially available ester 9 afforded the second
generation ester which was reduced to alcohol 10a. Mitsuno-
bu coupling of 10a with 9 followed by reduction yielded third
generation alcohol 11a. Treatment of 12 with alcohol 11a
under Dean-—Stark conditions afforded dendrimer 3a.l'4 1]
Dendrimer 3b was synthesized in an analogous manner
(Scheme 1).

With the desired dendrimers in hand, attention was turned
to the cross-linking experiments. The critical question was
whether cross-linking would occur, and, if so, to what extent
(both intra- and intermolecularly). Although 1 can be cross-
linked completely,P! the alkenes are more hindered in 3b and
especially congested in 3a. The sensitivity of some RCM
catalysts to steric hindrance is well documented.'®! All the
dendrimers were cross-linked by ring-closing metathesis using
Grubb’s catalyst 2 in benzene (Scheme 2).[* %1 The catalyst
was removed after the RCM reactions using a modification of
a reported protocol in which the metathesis solution was
treated with tris(hydroxymethyl)phosphane and then silica.['”]
Subsequent purification of all compounds by preparative size-
exclusion chromatography (SEC) in toluene afforded almost
quantitative recovery of the cross-linked products.

Dendrimers 1 and 3b were cross-linked using 7 mol % of
catalyst per alkene at three concentrations (1 x 1075, 1 x 1074,
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Scheme 1. Syntheses of dendrimers 3a and 3b. Reaction conditions: 1) a. 6, K,COs;, 2-butanone
(79%); b. CH;1, K,COs, acetone (71 %); 2) CBr,, PPh;, THF (a: 75%, b: 82%); 3) a. 9, K,CO;,
acetone, [18]crown-6 (77%); b. 9, K,COs;, acetone (81%); 4) LiAlH,, THF (a: 96%, b: 81%);
5) PPh;, DEAD, THF, 9 (a: 70%, b: 79%); 6) LiAlH,, THF (a: 94%, b: 93%); 7) 12, DMAP,
benzene (a: 34 %, b: 71 % ). DEAD = diethylazodicarboxylate, DM AP = 4-dimethylaminopyridi-
ne.

O OCHj Br

A, 2,

1. LiAlHg4, THF, 97%

2. MsCl, Et3N, CH,Cl, @
3. NaBr, acetone
79% (two steps)

KOH, EtOH
9 THF, H,O
1,3a,3b - f‘
PhH
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Scheme 2. Synthesis of cored dendrimers.
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and 1 x 1073m). Both 'H NMR and mass
spectrometric analysis clearly indicated
that cross-linking of the allyl groups in 3b
had occurred. Thus, the 'TH NMR signals
broadened significantly and the alkene
methine signal shifted upfield from 6=
5.98 to 5.73, which is consistent with the
conversion of monosubstituted into disub-
stituted alkenes. Matrix-assisted laser-de-
sorption/ionization time-of-flight spec-
trometry (MALDI-TOF) analysis showed
the average loss of 11 molecules of ethyl-
ene, thus indicating the formation of 11 out
of 12 possible cross-links.['®! Similar results
were seen in the cross-linking of den-
drimer 1.

Dendrimer 3a was cross-linked at two
concentrations (1 x 107 and 1 x1073m)
using 4 mol% of 2 per alkene. Indeed,
cross-linking did occur at the concentra-
tions examined which indicated that the
catalyst could access the internal alkenes.
The same 'H NMR and MALDI analyses
used for 1 and 3b showed the cross-linking
of 3a to be less advanced. In particular, the
MALDI-TOF peak assignments indicate
the average formation of 8-9 out of 12
possible cross-links at 1073m and 10 out of
12 cross-links at 10°m.['®l The degree of
cross-linking did not increase when higher
catalyst loadings were used. Grubbs and
co-workers recently reported the develop-
ment of a new ruthe-
nium benzylideneimi-

dazol-2-ylidene cata- Mes =N N ~Mes
lyst 17 (mes = mesityl) ch.\
capable of cross-link- a” /Ruﬂph
ing sterically hin- PCY)s
dered olefins.') Grat-

ifyingly, metathesis of 17

15:R=H
16a,b
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3a with 17 at both 10->M and 103 resulted in greater than
95% cross-linking based on 'H NMR analysis.

The extent of intermolecular cross-linking, namely, oligo-
mer formation, was determined by both MALDI-TOF
analysis and size-exclusion chromatography (SEC) using
toluene as eluent. Each SEC trace consisted of two signals
corresponding to formation of the monomer and oligomer
(Figure 1). The relative areas of these two signals were used to
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Figure 1. Comparison of cross-linked dendrimers by SEC. a) 3b; b) 1;
c)3a.

calculate the percentage of oligomer formation (Table 1). The
molecular weights of dendrimers, pre- and post-cross-linking,
were determined using both MALDI-TOF and SEC analy-
ses.'®l No oligomer formation was evident in either the
MALDI-TOF spectra or SEC traces of dendrimers 1, 3a, and
3b cross-linked at 1075w, thus indicating that complete

Angew. Chem. 2001, 113, Nr. 10
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Table 1. A comparative SEC analysis of intermolecular cross-linking in 1,
3a, and 3b with 2.

Conc. of RCM [m]

Relative amount of oligomer formed [% ]

1 3a 3b
1x10°° 0 0 0
1x10* 7 - 7
1x10°3 38 <5 29

intramolecular metathesis had occurred. As the concentration
of the RCM reaction was increased to 1 x 10-*Mm, an additional
peak evident in the SEC traces of 1 and 3b (Figure 1a and 1b)
revealed the formation of small amounts of oligomer, which
MALDI-TOF analysis showed to be dimer. Substantial
oligomer formation occurred with both 1 and 3b at a RCM
reaction concentration of 10->M. However, dendrimer 3a
underwent more than 95% intramolecular cross-linking at
10-*m ([alkene] =0.024 M) with both catalysts 2 and 17, the
latter giving greater than 95 % cross-linking based on 'H NMR
analysis. This result is consistent with a model wherein the
alkene groups are sterically blocked from intermolecular
metathesis.

For these dendritic systems to be useful, the cross-linked
dendrimer must remain intact when the core is removed.
Scheme 2 also depicts the “coring” procedure. Hydrolysis of
14a and 14b led to complete core removal as evidenced by the
loss of the aromatic signal at 6 = 8.95 in the "H NMR spectrum
and a reduction of m/z 159 (CyH;0;) in the MALDI-TOF
spectrum. Whereas dendrimer 14b produced 16b fully
intact, the MALDI-TOF and SEC data for 16a revealed a
minor amount of cross-linked mono- and didendron formed in
the hydrolysis of 14a.['8]

The ability to fully cross-link dendrimer 3a intramolecu-
larly at 103m makes this cross-linking-coring approach
suitable for further development. It was considered to be
particularly important to develop a system wherein the end
groups could ultimately be conjugated with targeting or
reporter groups or converted into groups that provide water
solubility. For these reasons, a synthesis of 4 was developed
(Scheme 3). Bromide 18, prepared by bromination of 4-meth-
ylacetophenone with N-bromosuccinimide (NBS), was cou-
pled with alcohol 19 to afford 20, which was purified as its 3,5-
dinitrobenzoate derivative. Conversion of 20 into the bro-
mide, coupling with 7, and treatment with mesyl chloride/
sodium bromide afforded 21. Coupling of 21 with /BDPS-
protected 222% yielded 23, which was treated with acid
chloride 12 to afford dendrimer 4. Preliminary cross-linking
studies of dendrimer 4 indicated the formation of 11 of 12
cross-links at 103™ in dichloromethane using 4 mol % of
catalyst 2 per alkene.

The previously reported synthesis of cored dendrimers was
limited by the high-dilution conditions required for intra-
molecular metathesis. The current work solves this problem.
Thus, larger quantities of cored dendrimers can now be
produced, thus making it possible to develop a range of
applications. Efforts in this direction have been successful and
will be reported in due course.

Received: February 5, 2001 [Z16560]
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