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The rational design, synthesis, and characterization of a series of novel perfluorinated déddions

25ab, 26ab, and18 are described. The dendrimers were designed to have a thiol at the focal point for
attachment to a gold surface to enable the fabrication of self-assembled monolayers (SAMs). Perfluorinated
tails were attached to the periphery to provide solubility in supercritical carbon dioxide, and to increase
the hydrophobicity and the stability of self-assembled monolayers formed. Mitsunobu reactions were
utilized to provide high-yielding steps allowing large-scale production of the novel dendrimers.

Introduction and flexibility for tailored functionalizatiof.The aim of the
work presented below was to synthesize novel dendrons, which
have fluorinated end-groups with a thiol at the focal point for

attachment to a gold surface. The chemisorption otlree

The hydrophobicity of a solid surface is important for many
applications, for example, in self-cleaning and antifogging

windows and snow or raindrop repelling surfa¢eghere has
also been increased interest in hydrophobic surfaces in the
biotechnology sector for use in self-cleaning surfaces for DNA
and protein microarragsnd for use in microfluidic channets'
Dendrimers are highly branched three-dimensional macro-
molecules with controlled structures, a single molecular weight,
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SCHEME 1. Synthesis of Fluorinated Side Chains

AIBN OH
CFsCF)sl  + Z"on — CFS(CFz)s/\l/\/
1a 6 7
Red-Al, THF
OTs
CFs(CFz)s/\/\/ TsCl o
8 ————  CRCR)
73% over 3 steps pyridine

4a

before. Gorman et al. have reported that dendritic systems cannobrganic solvent3®-20 With these factors in mind, C&soluble
lead to well-organized close-packed surfatemwever, Zhang fluorinated dendrons were designed and synthesized for the
et al. have reported that polyether dendron thiols can lead toformation of stable hydrophobic SAMs. Although, zero-genera-
patterned stripes with nanometer-sized features and long-rangdion perfluorinated dendritic wedges and perfluorinated dendrons
order®11 |t therefore seems that the organization of dendrons with one alkyl chain per monomer have been synthesized
on surfaces is not well understood. The durability of self- before1*!52+27 perfluorinated dendrons with a large density
assembled monolayers (SAMs) of thiols on gold is known to Of perfluorinated alkyl chains have never been synthesized,
be enhanced by the introduction of fluorocarbon terminal groups largely due to the steric hindrance and decreased reactivity that
in the case of linear alkanethiol molecul@43 Additionally, it the large and electronegative fluorine atoms provide. In this
has been reported that the fluorination of alkyl-terminated report we describe, for the first time, the large scale synthesis
dendritic molecules improves the stability of hexagonal columns ©f perfluorinated dendrons with high fluorine content. Addition-
induced by the perfluorinated supramolecular structifrés. ally, the properties of the SAMs formed by thes_e perfluorinated
Therefore, it is expected that SAMs formed by using the novel dendrons are reported. The SAMs formed in seCBow
fluorinated dendrons will provide stable surfaces. Another SUPerior chemical and thermal stability compared to SAMs
advantage of using a dendron is that if a pinhole was to form formed in conventional organic solvents.
in the monolayer by the removal of a dendron from the surface, ) i
the highly branched dendrons should branch out to cover the R€sults and Discussion
hole. Furthermore, owing to the hlgher molecular W8|ght of Dendrimers can be Synthesized in two ways: one is the
dendrons compared with a simpfealkanethiolate, the mol-  divergent method where the molecule is built up from the
ecules are less volatile and therefore the surfaces formed shouldnside2® and the other is Frahet's convergent method where
be more thermally stable. The high molecular weight and the the molecule is synthesized from the outsi®€ne of the
branched nature of a dendrimer, combined with the low surface problems associated with the divergent method is that as the
energy should enable us to fabricate a surface that is physicallydendrimer generation increases, the number of reactive centers
and thermally stable as well as providing an appropriate degreeincreases. Therefore, the number of reactions involved in one
of hydrophobicity. step increases exponentially. If incomplete reaction occurs, then
Supercritical carbon dioxide (scGQreadily accessible with ~ the number of impurities increases. In the case of the convergent
a T of 31 °C andP. of 73 atm, has excellent potential for ~mMethod, sinc_e the numbe_r of_reactive centers remain_s constant
achieving the goal of an environmentally friendly, economical &S the dendrimer generation increases, this problem is avoided.
reaction medium. It is abundant, inexpensive, nonflammable, With this in mind, the dendrons were synthesized by using the
nontoxic, and environmentally benigh.CO, has a high ~ convergent methodology.
solubility for many nonpolar and some polar small organic ~ The first step in the sequence of reactions was the synthesis
mo|ecu|es_ However, |t iS a Very poor So|vent for most h|gh Of the Semiﬂuorinated Side Chain for the end-groups Of the
molecular weight molecules under readily achievable conditions. dendron. Two routes were investigated,1H,2H,2H,3H,3H,
Fluorinated compounds, such as those described in this paper
have low solubilities in most organic solvents but can be  (18) Chen, W.; Fadeev, A. Y.; Hsieh, M. C.; Oner, D.; Youngblood, J.;
processed in halogenated solvents. The disadvantages of thes@cigrttyv T. J.It;an%mulir.l?_QQF}S,va@g. WL T S Hol A B
solvents include their toxicity, price, and adverse impact on the Laggr%u#;ggg] 1%: 5073, b W R AL T 5. Homes, A B
atmosphere. However, fluorinated macromolecules are soluble (20) Oner, D.; McCarthy, T. J.angmuir200Q 16, 7777.
in scCQ.17 Additionally, it has been shown that SAMs can be Pegrlgapel\;lc?&emé 'mSmAAwgeFfv‘ gﬁé?{\ I}t KEd B{;‘;‘SS”L{XSZ% V.S K
formed with a greater overall chain density and at a faster rate 55y cheng, x. H}./;’ Das, M. K.; Diele, S.; Tschierske,L@ngmuir2002

by using compressed GGas a solvent instead of common 18, 6521.
(23) Jung, H. T.; Kim, S. O.; Ko, Y. K.; Yoon, D. K.; Hudson, S. D;
Percec, V.; Holerca, M. N.; Cho, W. D.; Mosier, P. Bacromolecules
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K.; Abe, K.; Colorado, R.; Graupe, M.; Shmakova, O. E.; Lee, TJR. (25) Percec, V.; Johansson, G.; Ungar, G.; Zhou, IJ.”Am. Chem.
Phys. Chem. BR00Q 104, 7417. Soc.1996 118 9855.
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(15) Hudson, S. D.; Jung, H. T.; Percec, V.; Cho, W. D.; Johansson, G.;  (27) Percec, V.; Schlueter, D.; Kwon, Y. K.; Blackwell, J.; Moller, M.;
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i. NaH, DMF AllO
ii. dibromodecane
_— - X
0
65°C O+\ )10
AllO Br

11a: X = OAll, 67%

SCHEME 2. Synthesis of the Zero-Generation Dendrons 13a and 13b
HO, i. AllBr, K,COg, DMF  AlIC
O ii. LiAIH,, THF
X — X
OMe OH
HO AlIO
9a: X = OH 10a: X = OAIl, i. 83%, ii. 98%
9b: X=H

HO
X
oty
HO
13a: X = OH,

13b: X=H, 51%
i. CF3(CF5)5(CH,)4Br 5a, K,CO4, acetone
ii. KOH, EtOH

F3C( Fz@s\
(0]

X@“ow

JJO sif
F3C(FC)s

14a: X = O(CH,)4(CF5)sCF3, 13% over 2 steps
14b: X = H, 10% over 2 steps

4H,4H-perfluorodecyl bromidésa and H,1H,2H,2H,3H,3H,
4H,4H-perfluorotetradecyl bromid&b were synthesized fol-
lowing a similar route to that described by Johansson &t al.

10b: X = H, i. 96%, ii. 99%

11b: X =H, 66%

KSAc, EtOH
reflux
PdClx(PPhg),, AlIC
NH,(HCOOH), THF X
reflux
). oH ).,
SAE AllO SA%

78%

12a: X = OAll, 68%
12b: X = H, 64%

the thioacetate side chain in a single step from alcdbaland
10b. However, the thiol protecting group proved to be unstable
under the basic conditions of NaH and DMF. Therefore, the

shown in Scheme S1 in the Supporting Information; Scheme 1 thiol focal point was introduced in a stepwise manner as shown.

outlines an alternative route for the synthesis of tosy8atehich
provided the perfluorinated side chain in a greater yield. The
key step in both routes is the radical addition of a perfluoroalkyl
iodide to an olefiri® The route started with 3-butene-1&for

the radical addition reaction to yield alcohal Using sodium
bis(2-methoxyethoxy)aluminum hydride (Red-Al) as a reducing
agent instead of LiAlj allows removal of iodine under milder
conditions and in higher yield. Finally the alcohda was
transformed quantitatively into the tosyleeThis alternative
route allowed the synthesis of the fluorinated side chain with a
yield of 73% over three steps compared with the original route,
which only gave a 50% vyield. Furthermore, the tosyfgiean

An alternative method was also investigated for the introduction
of the thioacetate and the route is shown in Scheme S2 in the
Supporting Information. This route was only used for the
synthesis ofl2b and not12a, but allowed the synthesis of the
intermediate in a similar yield to that of the first route but at
lower temperatures and with the use of less material, making
the synthesis more amenable to large-scale reactions.

The last step toward the synthesis of precufs@mand13b
was the removal of the allyl groups it2a and 12b, which

involved the isomerization of the allyl group to an enol ether
followed by acid hydrolysis. A number of catalysts were

be easily prepared on a multigram scale (25.8 g synthesized).attempted for the isomerization which included a Pd catalyst
Scheme 2 outlines the synthesis of the zero-generationand RhC4. However, in all cases the cleavage of the allyl groups

dendron thiolsl4a and 14b. Initially, a totally convergent

was unsuccessful, even though we did find evidence for

method was attempted but failed. The reasons for this are migration of the double bond. Finally, we found that the use of

discussed in the Supporting Information. Methyl 3,4,5-trihy-
droxybenzoat®a and methyl 3,5-dihydroxybenzoa®d were
protected by using allyl bromide in DMF at 6C with K,COs

PdChL(PPHh), with NH4(HCOOH) and with THF as solvent
yielded13aand 13b in 78% and 51%, respectively.

Unfortunately, the deprotection protocol with the Pd catalyst

as a base. This afforded the protected methyl esters in excellenin the presence of NMJHCOOH) gave rise to reactions with

yields of 83% and 96%, respectively. The allyl group was

variable yields which made it very difficult to transfer the

chosen as the protecting group owing to its ease of attachmentreaction onto a larger scale. An efficient deprotection method
stability over the required functional group manipulations, and of allyamines with malonate as a soft nucleophile was described
ease of removal. Other protecting groups were also attemptedpy Mortreux et al. with Ni(0) and Pd(0) as a catal}&This

but failed. These are described in the Supporting Information.
Reduction of the methyl esters with LiAlHprovided alcohols
10aand10bin good yields of 98% and 99%, respectively. The
next step involved the formation of the ethdrkaand11b by
the alkylation of the alkoxides with 3 equiv of dibromodecane
followed by nucleophilic addition of thioacetate to allow the
introduction of the thiol focal point, giving thioacetatE8aand
12bin good yield. Initial studies examined the introduction of

(30) Wilson, L. M.; Griffin, A. C. Macromolecules1993 26, 6312.

mild method was used for deprotection of the allylethet 2t
and to generate the desired dihydroxy thioacei&®ein 70%
yield (Scheme 3). Interestingly, the deprotection was found to
proceed only in the presence of both transition metals Ni and
Pd. Also the presence of a catalytic amount ofNBF, and an

(31) Greene, T. W.; Wuts, P. G. MProtectve Groups in Organic
Synthesis3rd ed.; Wiley: New York, 1999.

(32) Bricout, H.; Carpentier, J. F.; Mortreux, &hem. CommurL997,
1393.
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SCHEME 3. Deprotection of the Allylether with Methyl Malonate to Achieve Coupling Precursor 13b

:\_O
Ni(COD),, dppb/Pd(PPhy),, HO o o
methyl malonate, Et;NBF,4
(e} + 2 MeO OM
_é\) 10 THF, 80 °C, sealed tube, o) © ©
o] SAc 1o
—/ 8h, 70% HO SAC

12b 13b 17 |
dppb = bis-diphenylphosphinobutane
NiCOD = Nickel(0)cyclooctadiene

SCHEME 4. Synthesis of the Zero-Generation Perfluorinated Dendron 18

FSC(cm)Q_\_\_
HO i. CF3(CFy)o(CHy)4Br 5b, K,COs, acetone o
ii. HCI, EtOH, 10% over 2 steps
>>: N o)
13b F3C(F2C)g 18

excess of methyl malonate was necessary to improve the yieldmuch as possible, the zero-generation dendron bron#ias
of dihydroxy thioacetatd 3b.33 and 20b were synthesized as shown in Scheme 5.
The final steps in the synthesis of the zero-generation Methyl 3,4,5-trihydroxybenzoat®a and methyl 3,5-dihy-
dendrons involved alkylation of phenolate anions derived from droybenzoate9b were alkylated with H,1H,2H,2H,3H,3H,
13a and 13b followed by deprotection of the thiol group.  4H,4H-perfluorodecyl bromid&ain DMF at 65°C with Ky-
Alkylation of thioacetated 3aand13b with perfluorobromide CO; as base. Subsequent reduction with LiAlafforded the
5ain refluxing acetone containing &0z gave the esters in  benzyl alcoholsl9aand 19b in excellent yields. Bromination
low yield. This is due to either the suppression of reactivity of with CBr; and PPE° in the presence of DIPEA in dichlo-
the bromoalkane by the electron-withdrawing fluorine atoms romethane provided the zero-generation dendrimer brorgites
and/or the unwanted premature cleavage of the thioester of theand 20b as required.
thiol derivative under the basic conditions. The final step Similarly, the first-generation dendron bromidz8aand23b
involving the deprotection of the thiol derivatives under basic \ygre synthesized as shown in Scheme 5. Alkylation of 3,5-
conditions provided the zero-generation dendron tHidisand dihydroxybenzyl alcohol21 with bromides 20a and 20b
14b. The basic conditions required short reaction times of followed by bromination yielded the first-generation bromides
approximately 10 min at room temperature. This method was 233 and 23b in moderate yields. Acetone was chosen as the
preferred to acidic conditions, which require refluxing for over  goyent for alkylation instead of DMF due to its ease of removal.
12 h. It has been reported that basic conditions give disulfide The first-generation dendrd@®bwas also synthesized by using
side products but this was not observed in the present Work. the Mitsunobu reacticfias shown in Scheme 5. The Mitsunobu
The synthesis of the zero-generation dendron thgovith a reaction allows a short and efficient route to build up the
longer fluorinated side chain is shown in Scheme 4. It has been gendrimer and works well even on a multigram-scale synthesis.
reported that the length of the perfluorinated unit attached to Reduction of ester to the corresponding alcohol with LiAlIH
an n-alkanethiol could affect the hydrophobicity of the sur- proceeded in 71% vyield providing dendr@@b in an overall
face!3% Therefore, dendron thiol8 was synthesized as a 39 yield as compared to 48% with the' Enet methodology.
comparison with dendrimer thidl4b. The synthetic route is The final steps in the synthesis of the dendron thids,
very similar to that previously described. Alkylation of the 25b, 268, and 26b involved the coupling of the intermediate
common intermediat&3b followed by deprotection of the thiol 1 31, yith the appropriate benzyl bromides. Scheme 6 shows the
gave dendron thiol4bin a yield of 10%. The alkylation step |5¢t stages in the preparation of second-generation dendrimer

was poor yielding as explained previously. In this case, acid yiq|5 254 and 25b. Alkylation followed by acid deprotection
deprotection of the intermediate thioacetate was attempted as &¢,rded the thiols25a and 25b in 10% and 12% yields

comparison. This provided thidBin higher yields as observed oqhectively. The yields of the alkylation steps were again low
by TLC. This shows that the deprotection can be carried out 54 may he ascribed to the labile thiol protecting group and
under either basic or acidic conditions indicating the high o destabilizing effect of the fluorine atoms.

flexibility of the thioester, and both methods have been Scheme 7 shows the final stages in the synthesis of the

performed for larger generation dendrimers. second-generation thiol®6a and 26b. The same reagents as

With the zero-generation dendrobéa 14b, and18in hand, bef din th The alkvlati involved
the synthesis of the larger generation dendrons was attempted clore were used in these steps. The alkylation steps involve
gave higher yields than those steps26& and25b. This may

To use the common intermediai8b, while at the same time : it
keeping to the convergent dendrimer synthesis methodology asbe due to the fact that _the fluorinated groups are now sufficiently
far from the electrophilic center that the destabilizing effect on

(33) Bricout, H.; Carpentier, J. F.; Mortreux, Aetrahedron1998 54, the tranSItI(_)n state Is S|gn|f|cantly reduced. . .
1073. The previously successful Mitsunobu reaction conditions for

(34) Graupe, M.; Koini, T.; Wang, V. Y.; Nassif, G. M.; Colorado, R.;  alkylation of phenols were exploited to prepare dendr2ba
Villazana, R. J.; Dong, H.; Miura, Y. F.; Shmakova, O. E.; Lee, TJR.
Fluorine Chem1999 93, 107.

(35) Colorado, R.; Lee, T. Reangmuir2003 19, 3288. (36) Hoger, SSynthesisl997, 20.
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SCHEME 5. Synthesis of the Zero- and First-Generation Dendrons
FaC(F2C)s(H2C)40

i. CF3(CFy)5(CHa)4Br 5a, K,CO3, DMF
o] ii. LiAlH4, THF
X X
OMe OR Y

HO FaC(F»C)5(HoC)40
i. CF3(CF,)5(CH)OTs 8, K,COg, DMF
9a: X = OH ii. LiAlH4, THF
9h: X=H

19a; X = O(CHp)4(CF)sCF3, Y = OH,
i. 92%, ii. 63% or i. 96%, ii. 80%
19b: X = H, Y = OH, i. 90%, ii. 84% or

HO. CBry, PPhs, DIPEA, DCM i. 96%, ii. 88%
0
D_Qom " 20a: X = O(CHa)4(CF5)sCFa, Y = Br, 70%
HO 9b 20b: X =H, Y = Br. 89%
HO

PPha, DEAD, THF, 89 %,

K>CO3, acetone

OH
HO 21
O(CHz)4(CF2)sCF3
F3C(F2C)s(H2C)40 X O(CHy)4(CF2)sCFg
o] FaC(FzC)s(HC)40
: 0
0
OMe
© Y
F3C(F2C)s(H2C)40 g
O(CH,)4(CF2)sCFs FsC(F2Cls(H:C)i0
24 X O(CHy)4(CF3)5CF3
LiAiH,, THF, 22a: X = O(CHy)4(CF2)sCF3, Y = OH, 58%
o 22b: X = H, Y = OH, 55%
22b CBry, PPhg, DIPEA, DCM
23a: X = O(CHy)4(CF2)sCFg, Y = Br, 57%
23b: X =H, Y = Br. 57%
and 26b (Schemes 6 and 7, respectively). Dend&5a was TABLE 1. The Ellipsometry Thickness and Water Contact Angles
synthesized by the coupling of the intermedia8 with benzyl gf Mong',aygﬁ C(’:fl D%”drons 14’3 (1:4b, Z%abz‘?% Zﬁart 2|6bv and 18
alcohol22b. It was realized that the initial acidic deprotection —2rme® " =2 2 ompressed CQ, and Octafluorotoluene
of the thioacetate into the thiol was inadequate to improve the thickness (A) contact anglé46;) (deg)
yield. Thus the synthetic strategy was tuned toward the CHCl, CO, OFT theo CH.Cly CO, OFT
conditions of basic deprotection. This gave the final dendron 14, 76 220 33 112/103 120111
25ain 66% vyield, which is a significantly better yield than the 25a 132  39.9 39 116/103 118/102
route with the benzyl bromid20a Similarly, dendror26bwas 26a 201 423 45 118/105 126/114
synthesized by using the same conditions in 76% vyield. 14b 105 245 97 32 109/101 117/114  98/88

Formation of Self-Assembled MonolayersThe synthesized 25 140 387 107 45 113/104 1207115 106/96

; i . 26b 218 431 132 46  114/116 123/116 100/95
perfluorinated dendrons were then evaluated in the formation 18 207 286 7.0 39  119/110 124/113 107/98

of self-ass_embled mono.layers (SAMS) on go'd' SAMs were aTheorectical values obtained from MM2 calculatidfs.
prepared in a conventional solvent by placing a freshly

evaporated Au substrate (200 nm Au, 20 nm Cr as an adhesion
layer, on Si/SiQ) in a 1 mM solution of the dendrons in CH exhibits a slight increase with dendron generation and also that
Cly at 25°C for 1 h. It was expected that larger dendrons might the hydrophobicity increases with the number of perfluoroalkyl
show slower kinetics, as Peterlinz et al. have observed chainchains per dendritic branch. Furthermore, Table 1 also shows
length dependent kinetié$.However, longer deposition times  the variation in water contact angle with respect to the length
did not lead to observable changes in thickness or contact angleof the perfluoroalkyl chain on the dendron, therefore comparing
Typical results for contact angles and ellipsometrically deter- the contact angles between surfaces formed with dendéins
mined thickness values of the different generation dendrons areand18. The contact angles are considerably higher for mono-
reported in Table 1. Not surprisingly, a comparison between layers formed with dendroh8 (119°/110 for 64/6;) compared

the dendron serieb4a 25a and26aand the serieg4b, 25b, with monolayers formed with dendratdb (109°/101°). This

and 26b shows that the hydrophobicity of the monolayers is to be expected as it has been reported that the increase in

fluorinated units in ann-alkylthiolate SAM increases the
(37) Peterlinz, K. A.; Georgiadis, R.angmuir1996 12, 4731. hydrophobicity of the surfac¥.
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SCHEME 6. Synthesis of First-Generation Dendrons 25a and 25b

i.  F3C(F2C)s5(H2C)40,

i. F3C(F2C)5(H2C)40
X X

Br OH

F3C(F2C)s(HC)40
20a: X = O(CHy)4(CFy)sCF34

F3C(F2C)s(H,C)40
19a: X = O(CH,)4(CF,)sCF3

20b: X =H PPh3, DEAD, THF, RT, 8 h
KoCOg, acetone " o
ii. HCI. E1OH ii. NaOMe, MeOH, Et,0, 0 °C

I

X O(CHy)4(CFo)sCF5  25a: X = O(CHy)4(CF)sCFa, i.

25a: X = O(CH,)4(CF5)sCF3, 10% over 2 steps
o overs stos P 67%, ii. 98%

25b: X = H, 12% over 2 steps
F3C(F2C)5(H2C)40

O
: o)
o +\sﬂP

F3C(F2C)5(H2C)40
X O(CHy)4(CF2)sCF3

TABLE 2. The Hexadecane Contact Angles and Water Contact

As mentioned, solvent molecules can greatly affect the Angle Hystereses of Monolayers of Dendrons 14b, 25b, 26b, and 18

kinetics of SAM formation as well as their properties. We

therefore investigated dendron SAM formation in octafluoro- hexadecane contact angle (deg) hysteresis
toluene (OFT) and compressed §@hich are good solvents CHLCl, Co, OFT  CHCl, CO, OFT
for fluorinated compounds. For the experiments with,Cihe 14b 38 60 51 0.13 0.05 0.17
gold surfaces were placed into a 10%80, vessel along with ggg 2‘7‘ 2(15 gg 8-(1)3 8-22 8-(1)3
the dendron thiold4a 14b, 253 25b, 263 26b, and18 (0.01 18 8 72 51 014 017 015

mmol). Liquid CQ was passed into the vessel, the temperature
was raised to 40C, and the pressure was adjusted by the further
addition of CQ until a pressure of 1000 psi was obtained. After probably complete and fully extended. The changes in ellip-
1 h, the pressure of the vessel was released and the surfacesometry thicknesses are matched by the changes in contact
were cleaned of any excess physisorbed dendrons by rinsingangles.
with liquid CO,. Surprisingly, we found that SAMs formed in The hexadecane contact angles of SAMS formed from linear
OFT (or in mixtures of OFT with CkCl,) showed markedly perfluoroalkyl chains vary between 7@nd 83.13 Semifluori-
lower contact angles and ellipsometry values, indicating that nated SAMs are expected to show high hexadecane contact
the SAMs were more disordered when deposited from OFT angles because of the weak and nonideal dispersive interactions
(Table 1). between hydrocarbons and fluorocarbons. However, the hexa-
The ellipsometric thicknesses of the monolayers formed in decane contact angles of the monolayers formed ipand
CH,Cl,, OFT, and CQ are summarized in Table 1 and the OFT presented in Table 2 are I(_)W and are in the range of those
theoretical value of the extended length of the dendrons is expected from a linear alkyl chain SAM. The low contact angles

included as a comparison. The theoretical value was obtainedoPserved in the present work may be due to the increased
by performing MM2 optimization calculations on the mol- disorder on the surface of these dendron monolayers. However,

ecules®® The MM2 calculations are those of free molecules in the hexadgce_me_contact angles of the monolaye_rs formedan CO
the gas phase rather than of molecules restricted on a surface?® large, indicating that the monolayers formed in,@@ more

and therefore do not predict actual monolayer thickness tightly packed than those formed in organic solvents.
measurements. This could be addressed by further work on the

The contact angle hystereses of the monolayers formed in
theory of macromolecutesurface interactions. Nevertheless, the the various solvents are summarized in Table 2. For comparison,
values give an indication of how large the molecules are. These

the contact angle hystere¥iof a monolayer of CHCF,)e-
results suggest that for the monolayers formed in,Clkland

(CHy)11SH on gold formed in CECl, is 0.08. The general trend
OFT, the monolayers are not complete and/or the dendrons arefor the data appears to be that the hystereses are highest for
- monolayers formed in OFT and lowest for monolayers formed
not fully extended whereas the monolayers formed in @@

(39) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G.

(38) Obtained with Chem3D Pro 8.0 by CambridgeSoft. M.; Nuzzo, R. G.J. Am. Chem. S0d.989 111, 321.
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SCHEME 7. Synthesis of Second-Generation Dendrons 26a and 26b

HO
: BN )A"
HO 13b SAc
i. 23a or 23b .
K2C0s, acotons B . DEAD, THF, RT 8h
ii. HCI, EtOH 5 , THF, RT,

ii. NaOMe, MeOH, Et,0, 0 °C

26a: X = O(CH,)4(CF,)sCFs,

ko 26b: X = H, i. 78%, ii. 98%

26b: X = H, 40% over 2 steps : s 1 o, Il °
FaC(F2C)5(H2C)4O, X

O(CH2)4(CF2)sCF3

FSC(FZC)S(HZC)4O

FSC(FZC)S(HZC)4O Z
—e\S)IJIO
F3C(F2C)s(H2C)40, d

FsC(FzC)s(HzC)4O
O(CHy)4(CF5)sCF3
F3C(F2C)s(HaC) 40

TABLE 3. The Ellipsometry Thickness and Water Contact Angle

in CO,, again illustrating that these SAMs exhibit the densest Before and After Thermal and Solvent (DMSO) Treatment

packing. It has been reported by Yan et%hat polar solvents

give rise to more densely packewalkylthiol monolayers. thickness (A) water contact angle (deg)
However, the dielectric constant of GG similar to that of before thermal chemical before  thermal chemical
OFT and significantly lower than that of GHI,. The observed 14b 245 10.7 11.3 117/114  114/98 93/82
denser packing can be explained by considering that 8O 25b 387 251 7.7 120/115  116/105 92/86
nsiderably smaller in siz mpared with OFT. therefore 26b 43.1 26.8 22.0 123/116  117/108 92/85
considerably smalle size compared with OFT, therefore 28.6 11.2 11.0 124/114 123/110 112/101

perhaps allowing tighter packing of the molecules on the surface.
One of the major drawbacks for practical use of thiolate

monolayers as protective coatings on gold is their limited treatment are summarized in Table 3. After treatment, the
stability when heated in air or solvents. To study the thermal monolayers have reduced significantly in thickness but the water
stability of the dendron monolayers, the monolayers of dendrons contact angles remained high, especially after the thermal
14b, 25b, 26b, and18 formed in CHCl,, OFT, and CQwere treatment. During the incubation, some of the dendrons may
incubated fol hin air in anoven at 150C or in DMSO solvent  desorb from the surface thereby reducing the packing density
at 150°C. It had been reported that the thermal stability of a of the monolayer, allowing the dendritic branches to spread over
monolayer increases with the length of the monomer used to the surface giving rise to the reduction in ellipsometry thickness
form the SAM. Hence it was envisaged that the fluorinated gnd contact ang|e, and an increase in hysteresis_

dendrons would show increasing stability with dendron genera-
tion, and would also show greater stability than a linear alkyl
SAM. Semifluorinated linear alkyl SAMs show up to 74%
decrease of hexadecane contact angles after incubation for 1 h In Conc|us|0n we have prepared a number of thiol-terminated
at 150°C.*3 However, all dendron monolayers deposited from  dendritic wedges with perfluorinated tails. By exploring different
CHCI; or OFT show total desorption. This would mean that reaction conditions, we were able to follow a (mostly) conver-
the dendron mOﬂO'ayerS are less thermally stable than the |ineargent route to prepare these dendritic Wedges on a gram scale.
perfluoroalkyl SAMs. In contrast, the monolayers formed i,CO |n, this synthetic work, generations 0, 1, and 2 were synthesized
proved to be more robust and the ellipsometry and contact angleand the number of perfluorinated tails per end-group was varied.
results of the monolayers before and after thermal and chemicaladditionally, SAMs formed with the perfluorinated macromol-
ecules were studied. The SAMs formed in s¢C&howed

(40) Yan, D.; Saunders, J. A.; Jennings, GLEngmuir200Q 16, 7562. increased robustness compared to when the SAMs were formed

Conclusion
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in conventional organic solvents. We believe that the dendron- [M*, 3%], 889 (34), 888 (100), 887 (9), 886 (24). Anal. Calcd for
based SAMs provide a new and interesting route to structurally Ca7H22F2003; C, 36.5; H, 2.5. Found: C, 36.9; H, 2.4.

different monolayers. 3,5-Bis[3,5-bis(H,1H,2H,2H,3H,3H,4H,4H-perfluorodecan-
I-yloxy)benzyloxy]benzyl Alcohol (22b). Diisopropyl azodicar-
boxylate (0.67 mL, 3.3 mmol) was slowly added to a stirred solution
of alcohol19b (2.94 g, 3.3 mmol), 3,5-dihydroxy est@b (0.28 g,

A typical procedure for the large-scale synthesis of a thiol- 1.7 mmol), and PPN0.87 g, 3.3 mmol) in THF (6.6 mL) at room
terminated perfluorinated dendron is as follows: temperature. After being stirred overnight at room temperature the
5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluoro-3-iodo-decan-1-ol (7). reaction mixture was purified directly by flash chromatography

To a Schlenk tube were added perfluorohexyl iodidg20 g, 45 (10:1 hexane/EtOAc) to give est8B (2.83 g, 89%) as a white
mmol), 3-buten-1-06 (3.9 g, 54 mmol), and AIBN (0.37 g, 2.2  solid. To a magnetically stirred slurry of LiAIH0.15 g, 3.4 mmol)
mmol). The reaction mixture was degassed by the frepeenp— in anhydrous THF (2 mL) was added esg# (3.2 g, 1.68 mmol)
thaw method (repeated 3 times) and heated t&0nder nitrogen dissolved in anhydrous THF (5 mL) dropwise at’G under a
atmosphere. After being stirred for 2 h, it was cooled to room nitrogen atmosphere. Afte h of stirring at room temperature, the
temperature, another portion of AIBN (0.37 g, 2.2 mmol) was reaction was quenched by dropwise addition of water (0.35 mL),
added, and the solution was heated again t¢®0After being 0.5 N NaOH (0.35 mL), and water (1 mL) to give a white
stirred fa 3 h the reaction mixture was poured directly into warm precipitate. The reaction mixture was filtered trough celite and
n-hexane (100 mL) and crystallized overnight in the fridge. The washed with diethyl ether and then the filtrate was concentrated
precipitated white solid was collected, washed with small portions under reduced pressure. The residue was extracted with diethyl ether
of n-hexane, and dried under reduced pressure to give the alcohol(3 x 50 mL) and the organic phase was dried over Mg&@d
(20 g, 87%) as white crystals: mp 488 °C (from n-hexane)H concentrated under reduced pressure. The crude product was
NMR (500 MHz, CDC}) 6 1.6 (br s, 1H), 1.992.11 (m, 2H), purified by flash chromatography (3:1 hexane:EtOAc) to give
2.83-3.06 (m, 2H), 3.78:3.93 (m, 2H); NMR spectra agreed with ~ alcohol22b (2.25 g, 71%) as a white solidz 0.14 (5:1 hexane:
values quoted in the literatufé. EtOAc); IH NMR (400 MHz, CDC}) 6 6.62 (s, 2H), 6.56 (s, 4H),
1H,1H,2H,2H,2H,3H,4H,4H-Perfluorodecan-1-ol (4a).To a 6.52 (s, 1H), 6.39 (s, 2H), 4.96 (s, 4H), 4.64 (s, 2H), 3.98 (&
magnetically stirred solution of sodium bis(2-methoxyethoxy)- 6.0 Hz, 8H), 2.11 (m, 8H), 1.951.84 (m, 16H);*3C NMR (125
aluminum hydride (70 wt % solution in toluene, 36 g, 123 mmol) MHz, CDCk) 6 160.2, 160.1, 143.4, 139.2, 120.4, 118.3, 116.0,
in anhydrous diethyl ether (500 mL) was added alcch¢34 g, 113.2, 110.7, 108.6, 105.7, 105.1, 101.3, 100.6, 70.0, 67.2, 65.3,
65 mmol) dissolved in anhydrous diethyl ether (100 mL) dropwise 30.7, 28.6, 17.21%F NMR (376 MHz, CDC}) 6 —81.1 (m, 12F),
at room temperature under a nitrogen atmosphere.r Sfth of —114.7 (m, 8F)~122.2 (m, 8F)~123.1 (m, 8F)—~124.2 (m, 8F),
stirring at room temperatur& M HCl aqueous solution (300 mL)  —126.4 (m, 8F)pma(film) 3442, 1636, 1456 crt; nVz (FAB) 1904
was added dropwise. The organic layer was then separated, washefM + Nat, 60%], 1881 (60), 1741 (75), 1157 (95), 1048 (100),
with brine (150 mL), dried with MgSg) and concentrated under 871 (100), 218 (I00).
reduced pressure. The crude product was purified by flash chro-  3,4,5-Tris(prop-2-en-1-yloxy)benzyl Alcohol (10a)To a flame-
matography (1:1 hexane:EtOAc) to give alcoBal(23 g, 91%) as dried 100-mL three-necked flask equipped with a pressure equalized
a colorless viscous liquid*H NMR (400 MHz; CDC}) 6 1.43 (br dropping funnel under Nwas added THF (20 mL) and LiAIH
s, 1H), 1.62-1.76 (m, 4H), 2.042.18 (m, 2H), 3.70 (tJ = 6.0 (1.3 g, 34 mmol). Methyl 3,4,5-tris(prop-2-en-I-yloxy)benzo@te
Hz, 2H); NMR spectra agreed with values quoted in the litergure. (5.2 g, 17 mmol) was dissolved in THF (20 mL) and added
3,5-Bis(H,1H,2H,2H,3H,3H,4H,4H-perfluorodecan-1-yloxy)- dropwise to the LiAIH slurry. The reaction mixture was stirred
benzyl Alcohol (19b). To a magnetically stirred solution of  for 3 h. The reaction was quenched by the dropwise addition of
perfluorinated alcoho#ta (23 g, 58 mmol) and pyridine (11 mL,  water (1 mL), followed by sodium hydroxide solution (15%
79 mmol) in DCM (250 mL) was addegatoluenesulfonyl chloride aqueous; 1 mL) and water (3 mL) to give a white precipitate. The
(15 g, 79 mmol) in an ice/water bath under a nitrogen atmosphere. reaction mixture was filtered and the mixture was concentrated
The reaction mixture was then stirred fb h in anice/water bath under reduced pressure. The residue was extracted with ether (20
and overnight at room temperature. After completion of the reaction, mL) and the organic phases were dried (Mgb®urification by
the DCM solution was concentrated under reduced pressure andflash chromatography (3:1 hexane:EtOAc) furnished the alcohol
the resulting slurry was purified by flash chromatography (5:1 10a(4.63 g, 98%) as a yellow oilR; 0.21 (1:1 hexane:EtOAc);
hexane:EtOAc) to give tosylai (26 g, 81%) as a white solid. H NMR (250 MHz, CDC}) 6 6.50 (s, 2H), 5.97 (m, 3H), 5.11
To a magnetically stirred clear solution of tosyl&t€5.46 g, 10 (m, 6H), 4.49 (dJ = 6.0 Hz, 6H), 4.40 (s, 2H), 2.90 (s, 1HyC
mmol) and 3,5-dihydroxy benzoa@b (0.78 g, 4.6 mmol) in dry NMR (63 MHz, CDCE) ¢ 152.5, 136.8, 134.6, 133.4, 117.5, 117.2,
DMF (18 mL) was added ¥COs (1.8 g, 13 mmol) and the mixture ~ 105.9, 74.1, 69.8, 65.Qmax (film) 3392, 2871, 1649, 1594, 1505
was heated to 65C for 8 h. The solution was then cooled to room cm%; m/z (ES) 294.1704 [(M+ NH,)*-Ci6H24NO,4 requiresM
temperature and ether (100 mL) and water (100 mL) were added.294.1704], 294 [(Mt+ NH,)*, 100%)], 277 (66), 259 (98), 235 (15),
The aqueous phase was extracted with ether (0 mL) and the and 58 (14).
collected organic phase was washed with brine (80 mL), dried 3,5-Bis(prop-2-en-1-yloxy)benzyl Alcohol (10b).To a flame-
with MgSQ,, and concentrated under reduced pressure. The residuedried 100-mL three-necked flask equipped with a pressure equalized
was purified by flash chromatography (1:10 ethyl acetate:hexane dropping funnel under Nwas added THF (60 mL) and LiAIH
v/v) to give the ester (4.05 g, 96%) as a white soli}:0.44 (3:1 (1.86 g, 49.0 mmol). The estéb (6.08 g, 24.5 mmol) was dissolved
hexane:EtOAc); mp 7871°C; H NMR (400 MHz, CDC}) 6 6.51 in THF (60 mL) and added dropwise to the LiAlKlurry. The
(s, 2H), 6.36 (s, 1H)4.63 (s, 2H), 3.99 (t) = 8.0 Hz, 4H), 2.16 reaction mixture was stirred for 3 h. The reaction was quenched
(m, 4H), 1.89-1.80 (m, 8H);13C NMR (125 MHz, CDC}) 6 160.1, by the dropwise addition of water (1 mL), followed by sodium
143.4,120.4,118.3, 116.0, 113.1, 111.0, 108.6, 105.0, 100.5, 67.2,hydroxide solution (15% aqueous; 1 mL) and water (3 mL) to give
65.3, 30.6, 29.2, 17.2%F NMR (376 MHz, CDC}) 6 —81.1 (m, a white precipitate. The reaction mixture was filtered and the
6F), —114.7 (m, 4F),—122.1 (m, 4F),—123.1 (m, 4F),—123.8 mixture was concentrated under reduced pressure. The residue was
(m, 4F),—126.4 (M, 4F);umax (CHCl3) 3458, 1636, 1472 cri; extracted with ether (20 mL) and the organic phases were dried
m/z (El) 888.1155 [MCy7HoF2¢05 requiresM 888.1154], 890 (MgSQy). Purification by flash chromatography (1:1 hexane:EtOAc)
furnished the alcohalOb (5.34 g, 99%) as a yellow o0ilR 0.38
(41) Cheng, X.; Das, M. K.; Diele, S.; Tschierske, langmuir 2002 (1:1 hexane:EtOAc)H NMR (250 MHz, CDC}) 0 6.52 (s, 2H),
18, 6521. 6.42 (s, 1H)6.03 (m, 2H), 5.34 (ddJ = 6.0 and 12.0 Hz, 4H),

Experimental Section
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4.55 (s, 2H), 4.49 (d] = 6.0 Hz, 4H), 2.28 (br s, 2H); NMR spectra
agreed with literaturé?
[3,5-Bis(prop-2-en-I-yloxy)benzyloxy]decanyl 10-Thioacetate
(12b). To a magnetically stirred clear solution of 1,10-decane
bistosylatel5 (6.1 g, 12.6 mmol) in dry THF (50 mL) was added
KH (30 wt % suspension in mineral oil, 1.9 g, 12.6 mmol) at room
temperature. 3,5-Bis-allyloxy benzyl alcoHdb (1.9 g, 8.6 mmol)
in dry THF (10 mL) was then added dropwise at room temperature.
After 20 min, saturated aqueous MH (50 mL) was added carefully
at 0 °C followed by DCM (100 mL). The aqueous phase was
extracted with DCM (3x 50 mL) and the organic phase washed
with brine, dried over MgSg) and concentrated under reduced
pressure. The crude product was purified by flash chromatography
(6:1 hexane:EtOAC) to give tosylat (2.9 g, 70%) as a yellow
oil. To a magnetically stirred clear solution of tosyldte (2.9 g,
5.97 mmol) in dry DMF (12 mL) was added KSAc (0.86 g, 7.55
mmol) at room temperature with stirring overnight. Then ether (40
mL) and AgO (0.7 mL) were added and the solution was stirred
for 1 h atroom temperature. Water (10 mL) was then added. The
aqueous phase was extracted with etherx(¥0 mL) and the
combined organic phase was extracted with brine<(30 mL),
dried over MgSQ, and concentrated under reduced pressure. The
crude product was purified by flash chromatography (6:1 hexane:
EtOAc) to give thioacetaté2b (1.88 g, 73%) as a yellow oilR
0.28 (1:1 hexane:EtOACYH NMR (250 MHz, CDC}) 6 6.42 (s,
2H), 4.31 (s, 2H), 3.45 (tJ = 6.0 Hz, 2H), 2.85 (tJ = 6.0 Hz,
2H), 2.31 (s, 3H), 1.641.49 (m, 4H), 1.38-1.18 (m, 12H);'3C
NMR (63 MHz, CDC}) 6 171.6, 144.4, 131.5, 129.8, 108.0, 72.9,
70.4, 30.9, 30.6, 29.4, 29.3, 29.2, 29.0, 28.7, 26.0, 21.0, 14.2;
(film) 3450, 2930, 1686 cmt; m/z (El) 431 [(M + H)*, 60%)],
279 (30), 234 (40), 222 (50), 208 (40), 174 (50), 154 (100). Anal.
Calcd for GsH3g04S: C, 69.1; H, 8.8. Found: C, 68.8; H, 8.8.
[3,5-Bis(hydroxy)benzyloxy]decanyl 10-Thioacetate (13b)o
a sealed tube were added thioacefatie (1.0 g, 2.3 mmol), methyl
malonate (1.8 g, 13.8 mmol), and THF (6.5 mL). The reaction
mixture was degassed by the freepaimp-thaw method (repeated
3 times), Pd(P})4 (50 mg), NiCOD (50 mg), and dppb (50 mg)
were added, and the mixture was heated t¢®Qnder nitrogen
atmosphere. After the mixture had stirred # h at 80°C the
reaction was monitored by TLC and another portion of Pgl{Ph
(50 mg) was added. Depending on the reaction progress, it was
necessary to add more Pd(BRHo the reaction mixture as long
as the starting materidl2b could be detected by TLC. After all
the starting material2b was consumed, water (10 mL) and ether

JOC Article

1.27 (m, 12H)23C NMR (100 MHz, CDC3) ¢ 157.0, 141.4, 107.0,
102.0, 72.4,70.5, 30.7, 29.6, 29.5, 29.3, 29.2, 29.2, 28.9, 28.7, 26.0,
23.0; vmax (film) 3392, 2929, 2856, 1690, 1665, 1605, 1455 ¢ém

mlz (ES) 355.1938 [(Mt+ H)"-CigH3:104S requiresM 355.1943],

355 [(M + H)*, 50%], 250 (68), 233 (58), 206 (31), 140 (32), 125
(100). Anal. Calcd for gH3004S: C, 64.4; H, 8.5. Found: C, 64.6;

H, 8.6.

(3,5-Bi 3,5-bis[3,5-bis(H,1H,2H,2H,3H,3H ,4H ,4H-perfluo-
rodecan-1-yloxy)benzyloxy]benzyloxybenzyloxy)decanyl 10-
Thiol (26b). Diisopropyl azodicarboxylate (0.23 mL, 1.18 mmol)
was slowly added to a stirred solution of alco@b (2.25 g, 1.18
mmol), 3,5-dihydroxybenzyloxy thioacetate3b (0.16 g, 0.45
mmol), and PPh(0.31 g, 1.18 mmol) in THF (5.0 mL) at room
temperature. After being stirred overnight at room temperature the
mixture was then concentrated under reduced pressure to half of
the solvent and purified directly by flash chromatography (gradient
8:1 to 7:1 hexane:EtOAc) to give the dendron thioacetate (1.44 g,
78%) as a yellow oil.

The dendron thioacetate (1.44 g, 0.35 mmol) was solved,id Et
(6 mL) and MeOH (2.4 mL) and NaH (120 mg, 5.0 mmol) were
added at O°C then the misture was stirred for 1 h. Next AcOH
(1.8 mL) was added dropwise at room temperature and the
precipitated solid was dissolved by adding water (5 mL) an@®Et
(20 mL). The mixture was extracted with ether %320 mL) and
the combined organic layers were washed with brine, dried with
MgSQ,, filtered, and concentrated under reduced pressure. Purifica-
tion by flash chromatography (ether) yielded the tf#6b (1.41 g,
98%) as a bright yellow oil:'H NMR (400 MHz, CDC}) 6 6.67
(s, 4H), 6.60 (s, 2H), 6.56 (s, 10H), 6.54 (s, 1H), 6.39 (s, 4H), 4.95
(s, 12H), 4.45 (s, 2H), 3.98 (§, = 5.5 Hz, 16H), 3.49 (tJ = 7.0
Hz, 2H), 2.49 (m, 2H), 2.10 (m, 16H), 1.84.81 (m, 32H), 1.55
(m, 4H), 1.34-1.26 (m, 12H);3C NMR (125 MHz, CDC}) o
160.2, 160.1, 159.9, 141.3, 139.3, 139.1, 120.4, 115.7, 113.7, 113.2,
109.7, 108.7, 106.4, 106.1, 105.8, 101.5, 101.1, 100.8, 72.7, 70.7,
70.0, 67.2, 66.8, 31.9, 30.6, 29.7, 29.5, 29.4, 28.3, 26.2, 24.6, 22.7,
20.4, 17.22%F NMR (376 MHz, CDC}) 6 —81.1 (m, 24F);-113.7
(m, 16F),—122.2 (m, 16F),—122.7 (m, 16F),—123.6 (m, 16F),
—126.5 (m, 16F);umax (film) 2979, 2931, 1560, 1455 cré; m/z
(MALDI-TOF) 4083 [(M + K*, 20%], 2308 (20), 1972 (100), 1952
(35), 1741 (20).
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