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Abstract: The design and self-assembly of five new supramolecular complexes (a rectangle, a triangle, a
hexagon, and two squares) are described. These assemblies incorporate carborane building blocks and
were prepared in excellent yields (>85%). The assemblies and building blocks were characterized with
multinuclear NMR spectroscopy, electrospray ionization mass spectrometry, and elemental analysis.
Isotopically resolved mass spectrometry data confirm the existence of the rectangle, triangle, and hexagon,
and NMR data are consistent with the formation of all five assemblies. The X-ray structures of two linear
carborane building blocks, 1,12-(4-C=C(CsH4N).-p-C2B1oH10 (1) and 1,12-(trans-(Pt(PEts).l)C=C),-p-
C2B1oHi0 (2), are reported: 1 is monoclinic, P2;/c, a= 10.6791(4) A, b=8.0091(14) A, ¢ = 11.6796(4) A,
B =107.8461(15)°, V= 950.89(5) A3, Z = 2; 2 is monoclinic, C2/c, a= 62.1128(10) A, b = 22.0071(3) A,
c=14.0494(2) A, B = 89.9411(8)°, V= 19204.4(5) A3, Z= 16. Crystals of the linear linker 1 exhibit close
w—z pyridine and pyridine—B(carborane) interactions, which are discussed.

Introduction rectangle3?-12triangles3~61314squares;®16-1° hexagong?-22

and higher order polygorf€tand are potentially useful as hest
guest material$?-2%-25 sensorg$2” and catalyst$%2° To build

on our self-assembly paradigm, we became interested in

incorporating carboranes (Figure 1) into our assemblies.

Carboranes are highly symmetrical cage cluster molecules
that exhibit three-dimensional aromaticity. Their icosahedral
structure gives rise to high thermal and chemical stability, and
makes them extremely useful building blocks and templates in

Self-assemblyand self-organizatichare critical processes
that are of ever-increasing importance in chemistry and material
science. The self-assembly of two- and three-dimensional
discrete supramolecular complexes has received considerable
attention in recent yeafs1® These assemblies include molecular
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Figure 1. Molecular structures ob-, m-, andp-carborane.

the design and synthesis of liquid crystalline mated&frigid
molecular rod$2-35 nonlinear optical materiaf$;3”and highly
stable polymerd®-41 Due to their unique stability, inertness,

(Scheme 1). A hexago®) was prepared from the 12@ecton

5 and 14 via self-assembly (Scheme 2). A large square was
prepared from the linear tect@(Scheme 3). The rectangée
and the triangl& were synthesized in excellent yields 85%;

7, 90%) by stirring the previously reporteti1®6-57 and 1213
(Figure 2), respectively, with 1 equiv dfin a CD;NO,/D,0O
two-phase solvent system. TRel NMR spectra of6 and 7
exhibit characteristic carborane BH resonances between 1.4 and
3.6 ppm. Both thex andf pyridine resonances dfare shifted
downfield by approximately 0.4 ppm upon complexation. A
singlet is observed in th&P NMR spectrum at 8.936p =
2640 Hz) and 14.9 ppmJg-—p = 2670 Hz) for6 and 7,

and hydrophobic character, carboranes are also attractiverespectively. Thé'P resonances of the assemblies are shifted

candidates for use in boron neutron capture therapy (BNE™M.

approximately 5.1 and 3.8 ppm upfield of those1df (14.0

Incorporating carboranes into supramolecular chemistry hasppm) and12 (18.7 ppm), respectively, and tA&p coupling

been a long-standing go&*°-51 with the expectation that the

constants decrease by200 Hz. The triflate salt 08 (Scheme

supramolecular compounds will have properties in addition to 1) was obtained in excellent yields 95%) from the reaction

those of the parent carborane molec@f$There are numerous
examples of organfé>154 and mercuracarborand macro-
cycles®25355however, they require multistep and/or low-yield

of cis-Pt(PEg)2(CFRSGs), with 1 at room temperature in a
nitromethane/acetone solution. TR&P{H} spectrum of8
exhibits a sharp singlet, with a typical upfield shiftefl0 ppm

synthetic procedures. Here we report the self-assembly of five compared to the resonance of the® 3@arting compound in

supramolecular cyclometalated complexes in high yiekls
rectangle, a triangle, a hexagon, and two squafiesn both
donor and acceptor carborane tectons.

Results and Discussion

Synthesis of Carborane Assemblie#\ rectangle §), triangle
(7), and square8) were synthesized from the linear tectdn
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addition to a decrease in tRé»_p; coupling constant of~800
Hz. In the'H NMR spectrum, both the. andj protons of the
pyridine rings are significantly downfield shifted upon com-
plexation.

When5 is reacted with 1 equiv 0f4, a highly symmetrical
entity 9) is formed. The3'P{1H} spectrum of the hexagon
(Scheme 2) exhibits a sharp singlet at 18.4 pppa-¢ = 2270
Hz), shifted upfield from5 (22.7 ppm,Jpr—p = 2350 Hz). In
the 'H NMR spectrum of9, the characteristic carborane BH
resonances are observed between 1.5 and 3.5 ppm. As expected,
the pyridine resonances (8.16 and 8.83 ppm) are significantly
shifted downfield in the assembly.

The triflate salt of10 (Scheme 2) was synthesized by the
reaction ofl5 (Figure 2) with3 (Scheme 3) at room temperature.
Both carborane squares were prepared in nearly quantitative
yields. The3!P{1H} spectrum of10 is not as simple as those
observed for the other carborane assemblies, since both the
corner,15, and the linear linker3, contain phosphine groups.
Two singlets are observed at 18%«(p = 2310 Hz) and-5.0
ppm Jpr—p = 2190 Hz). The resonances have been assigned to
the linear carborane linkei3 (18.4 ppm upon complexation)
and the Pt corners<5.0 ppm upon complexation). The corner
resonance is shifted downfield from the starting material (Pt-
(dppp)(4-ethynylpyridine) —6.45 ppm Jpp = 2190 Hz)) by
~1.5 ppm, and thép—p does not change. THEP resonance
due to the linear linker is shifted downfield &f (22.9 ppm
(Jp—p = 2350 Hz)) by~4.5 ppm, and thdpp is reduced by
~40 Hz. The'H NMR spectra of both squares exhibit typical
carborane BH resonances between 1.5 and 3.5 ppm.

Synthesis of Carborane Linkers.As illustrated in Scheme
3, three new carborane linkers, two linear (18&nd one 129
have been synthesized. The linear carborane ddnaas
synthesized from the previously reported 1,12-bis-ethynyl-
carborang® and 4-iodopyridine via a Sonogashira coupling

(56) Kuehl, C. J.; Mayne, C. L.; Arif, A. M.; Stang, P. Qrg. Lett.200Q 2,
3727-3729.

(57) Kuehl, C. J.; Songping, D. H.; Stang, PJJAm. Chem. So2001 123
9634-9641.

(58) Batsanov, A. S.; Fox, M. A.; Howard, J. A. K.; MacBride, J. A. H.; Wade,
K. J. Organomet. Chen200Q 610, 20—24.
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Scheme 1. Synthesis of Rectangle 6, Triangle 7, and Square 8

BH
o C
1"
N“\
|/
Il
12
——

I
=
ol
N

PEt3 4+
= |
O]
PEt; )—( 4NO;

NPt
PEt,

_|6+

6NO;"

AN W
EtaPPtl N —= =—(, N-Pt—PEt;

PEt,

reaction in good yields (79%). The linear carborane acceptor

was synthesized in modest yields (48%) by coupling 1,12-bis-

ethynylp-carborang® with trans-Pt(PE%),l» in the presence of
copper(l) iodide. Metathesis & to 3 was accomplished by
allowing 2 to react with a silver salt (e.g., AgGEO; or AgNQ;).
The resultant silver chloride was removed by filtration through
cotton, and3 was precipitated from the filtrate by addition of
diethyl ether in good yields (88%). Complexésand 5 were
synthesized by a procedure similar to that used2@nd 3,
respectively, starting from 1,7-bis-ethynylcarborane. The
linkers were fully characterized biH, 3P, and/or’®F NMR
spectroscopies and elemental analysis.

PEt
8 3

The 'H NMR spectrum ofl exhibits two doublets at 8.52
and 7.17 ppm, corresponding to the and3-pyridyl protons,
respectively. Two multiplets occur around 1.1 and 2.0 ppm in
theH NMR spectrum o2—5 which are assigned to the methyl
and methylene protons, respectively, of the Rffbups. Also,

a set of broad, unstructured resonances occurs between 1.4 and
3.6 ppm, characteristic of carborane BH protons. Complexes
2, 3, 4, and5 each exhibit a singlé!P resonance at 9.4¢p

= 2300 Hz), 22.9 Jpr-p = 2350 Hz), 9.5 Jp—p = 2300 Hz),

and 22.7 ppmJp—p = 2350 Hz), respectively, in CDgl

Crystal Structures. All attempts at obtaining X-ray-quality
single crystals of the carborane assembl@s10) resulted in

J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005 12133
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Scheme 2. Synthesis of Hexagon 9 and Square 10
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Scheme 3. Synthesis of tbe Linear (180°) Carborane Linkers 1 plexes30:325859The G=C bond distance (1.1938(18) A) fdr
and 3, as Well as the 120° Carborane Linker 5 is somewhat longer than the=C bond distance observed for
V)= =\ e BH the 1,12-bis-ethynyp-carborane (1.179(3), 1.180(3) ®)and
/ 1 oC 1,12-bis[Au(P(4-OMe-gH,)3]-p-carborane (1.181(7) RfHow-
O Fets O PEt
= = Rt-ONO, 3
N SET OO e e
i PEts 5P~ -PEts
REls REG i REty PEt Q At-ONO, OzNolpt.PE‘3 EP” ono, OS0,CF3
I—Plt%c%ﬁt-l —_ ozuo-qq%‘%m-om)z PEt;
PEt FEs PEs PE 1 12 13
2 3
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ﬁ@ — E’?@r — > = AT@J 2 Prer—ft—=—(_ N
s \ e \ T I
epPl Etap'Pé)No: N~ 2N P
I
4 5 14 N 15

precipitation of a powder. However, the molecular structures Figure 2. Molecular structures ot1-15.

of two linear linkers,1 and 2, were confirmed by single- . L .
crystal X-ray crystallography at 150 K. ORTEP diagrams are €Ver: the &C ethynyl (_jlstance_ls in good agreement with that
shown in Figure 3, and relevant data are summarized in Tables'€Ported for 1,12-bis(trimethylsilylethynyp-carborane (1.193-

1 and 2. (3) A).5° The average carborane-® (1.724(2) A) and B-B

X In the CryStals ofl, th? carborane group I1s located on an (59) Kaszynski, P.; Pakhomov, S.; Young, V. G.Chollect. Czech. Chem.
inversion center, as typically observed feicarborane com- Commun2002 67, 1061-1083.

12134 J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005
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C26

Figure 3. ORTEP diagrams of (Al and (B)2. Ellipsoids are plotted at 30% probability. H atoms are omitted and B atoms are not labeled for clarity.

Table 1. Selected Distances (A) and Angles (°) for 1 and 2

1
C3-C6 1.4376(17)
C6—C7 1.1938(18)
C7-C8 1.4466(17)
2
Pt1-C1 1.933(11) Pt2P3 2.313(3)
Pt2—C6 1.954(11) Pt2P4 2.316(3)
Pt1-P1 2.323(3) Pt:I1 2.6411(8)
Pt1—P2 2.315(3) Pt212 2.6430(9)
C1-Ptl-P1 90.3(3) P3-Pt2—-12 93.69(8)
C1-Pt1-P2 86.9(3) P4Pt2—12 89.75(7)
C6—Pt2-P3 86.0(3) P%Pt1—P2 176.87(10)
C6—Pt2—-P4 90.2(3) P3Pt2-P4 174.26(10)
P1-Pt1-11 90.02(7) CHPt1-I1 174.6(3)
P2—Pt1-11 92.61(7) C6-Pt2-12 175.2(3)

(1.773(2) A) distances observed in single crystald a@fre in
excellent agreement with those of related compofAés.

In the crystals of2, the asymmetric unit cell contains two
independent molecules, one full molecule and two halves sitting
on two-fold axes. The triethylphosphine groups adopt a trans
configuration, and most of the PP bond distances, 2.297
2.323 A, are typical of those observed in the literature for Pt
ethynyl complexes (2.2742.327 A)50-70 such astrans

(60) Onitsuka, K.; Ose, N.; Ozawa, F.; Takahashi].®Drganomet. Cheni999
578 169-177.

(61) Furlani, A.; Licoccia, S.; Russo, M. V,; Villa, A. C.; Guastini, £.Chem.
Soc., Dalton Trans1984 10, 2197-2206.

(62) Tao, C.-H.; Wong, K. M.-C.; Zhu, N.; Yam, V. W.-Wew J. Chem2003
27, 150-154.

(63) Villa, A. C.; Manfredotti, A. G.; Guastini, C.; Carusi, P.; Furlani, A.; Russo,
M. V. Cryst. Struct. Commurl977, 6, 623.

(64) Villa, A. C.; Manfredotti, A. G.; Guastini, C.; Carusi, P.; Furlani, A.; Russo,
M. V. Cryst. Struct. Commurl977, 6, 629.

(65) Wouters, J. M. A.; Elsevier, C. J.; Zoutberg, M. C.; Goubitz, K.
Organometallics1994 13, 1510-1513.

(66) Diederich, F.; Faust, R.; Gramlich, V.; Seiler, R.Chem. Soc., Chem.
Communl1994 18, 2045-2046.

Table 2. Crystallographic Data and Structural Refinement Details
for 1 and 2

1 2
formula GeH1gB1oN2 CaoH70B10l2P4PL
fw, g/mol 346.42 1306.82
space group P2i/c C2lc
a, 10.6791(4) 62.1128(10)
b, A 8.0091(2) 22.0071(3)
c, A 11.6796(4) 14.0494(2)
a,’ 90 90
B,° 107.8461(15) 89.9411(8)
Y, ° 90 90
V, A3 950.89(5) 19204.4(5)
VA 2 16
Pcale 9 cnt3 1.210 1.808
T, K 150(1) 150(1)
radiation, A 0.71073 0.71073
no. reflens colled 3771 36081
no. indpt reflcns 2175 21710
GOFonF? 1.027 1.026

0.0513/0.1116
0.0690/0.1232

0.0433/0.1018
0.0597/0.1116

R/WR: [I > 20(1)]2
Ri/WR; (all data}

2Ry = 3 [IFol — IFll/3|Fol, WRe = [SW(Fo? — F)F 3 W(Fo?)? M2

Pt(PEtPh)(C=CPh) (2.327/2.283 Ay7 (1,3,5-trans
Pt(PE$).Cl)C=C)-2,4,6-trimethylbenzene (2.274/2.298 R®),
and trans-Pt(PPh),(isopropenylacetylidoiCsHs (2.325/2.316
A).63 The lone exception is the disordered PE8 distance
(2.392(5) A), which is somewhat longer than those observed
for the related complexes. The-RAtbond length (2.6411(8),
2.6430(9), 2.6493(8), and 2.6379(13) A) is similar to the

(67) Cardin, C. J.; Cardin, D. J.; Lappert, M. F.; Muir, K. \.. Chem. Soc.,
Dalton Trans.1978 1, 46—50.

(68) Furlani, A.; Russo, M. V.; Licoccia, S.; Guastini, @org. Chim. Acta

1979 33, L125-L127.

(69) Ohshiro, N.; Takei, F.; Onitsuka, K.; TakahashiChem. Lett1996 10,
871-872.

(70) Yam, V. W. W.; Tao, C.-H.; Zhang, L.; Wong, K. M.-C.; Cheung, K.-K.
Organometallics2001, 20, 453-459.

J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005 12135



ARTICLES Jude et al.

A B ‘ 367TA

6—9—1@{57 A
Q_Q—'ci.s'r?_@_a
ka_é:; A 8
Q_o_ci.sra_o—o

Cc

s & &
S 8 8

A

Figure 4. Packing diagrams of (A] showing the two perpendicular layers and (B$howing the shoriz—s interactions of pyridyl rings and the short
interactions between the pyridyl rings and the carborane clusters. H atoms are omitted for clarity.

distances observed in the literature for iodide trans to an spectrum). The three isotopically resolved charge-states are
acetylene group, such as (Pt(P{y,C=C (2.647, 2.654 Ay? shown in Figure 5, and they agree very well with the theoretical
however, when iodide is trans to a strong trans-directing group distribution. However, the carborane assemblies do not appear
such as the phenyl anion, theRtdistances are much longer to be very stable under the ESI-MS conditions. In Figure 5C,
(~2.70 A)7273 The geometry around the platinum(ll) centers the isotopically resolved (M- 2NOs)?+ peak (Wz = 1447.1)

is distorted square planar. The-Pt—P bond angles are between of the rectangle overlaps with a much more intense peak
172.768 and 17806and the G-Pt—I bond angIeS are between Corresponding to a S|ng|y Charged SpecieS, most ||ke|y+a]_‘|_
174.6 and 1797 These angles are similar to thePt-P and  dissociation product (i.e., a fragment consisting of one molecule
C—Pt=X (X = Cl, Br, or I) angles reported in the literature for  of 11 and one molecule af).

similar complexes.(172.7ﬂ80.00).§°‘70 The platinum square . Three charge-statesiatz = 843.7, 1070.7, and 1446.6 were
planes are approximately perpendicular to one another, forming observed in the ESI-MS of the nitrate salt of triangle

a dihedral angle of 8890°. corresponding to the (M- 5NQ5)>*, (M — 4NQ3)**, and (M

In the crystals ofl, the molecules stack in perpendicular ~ 3NOs)®+ species, respectively (see Supporting Information
layers (Figure 4A). When a single layer is viewed along@he '
yers (Figu ) 'ng YOr 1S View 9 for full mass spectrum). The two peaksmatz = 843.7 [(M —

axis, the molecules are stacked in sets of four repeating layers oy - o . .
(Figure 4B), which are separated by13.3 A. The layers are SNG;)*"] apd 1070.7 (M ,4NO3) ] were |sotoplcglly
ordered so that there is a close interaction between a carboran(—reesolve,CI (Fl.gure 6.) and are in excellent agreement with the
B atom and the pyridyl plane (3.67 A), a clase x interaction theoretical distribution. As observ_ed for .the M2NO3)?" peak
between two pyridyl groups (3.57 A), and then another close for the carborane rectang& the |sotop|cally resolved (M
interaction between a carborane B atom and the pyridyl plane 3NO3)** peak (Wz = 1446.6) for7 consists of two overlapping
(3.67 A, Figure 4B). The two pyridyl rings of a single molecule P€aks (Figure 7C). One species is thé- 3 assembly 7) and
are in the same plane, related by a center of inversion, asthe other is a # 1 fragment, and the theoretical distribution
observed previously for py=€C-py’* and py-G=C—C=C-py patterns are shown in Figures 7A and 7B.
(py = 4'-pyridine)’5 No short interactions<{4 A) are observed For the hexago®, two charge-states are observed in the ESI-
in crystals of2. MS atm/z = 1386.5 and 1002.5, corresponding to the {M
Electrospray lonization Mass Spectra of Carborane As-  3CR;S0s)3" and (M — 4CR:SOs)4t species, respectively. Both
semblies.In addition to NMR and elemental analysis, the peaks were isotopically resolved (see Supporting Information),
carborane assemblies also were characterized with electrospraynd the (M— 4CRSOs)** species exhibited excellent agreement
ionization mass spectrometry. For the nitrate salt of the ijth the theoretical distribution. However, when the (VBCFs-
carborane rectangi three charge-states were observed in the 50,)3+ is isotopically resolved, the agreement with the theoreti-
mass spectrum avz = 692.6, 944.2, and 1447.1, corresponding cg| distribution is not as good, due to overlap with a singly
to the (M — 4NOy*", (M — 3NO3)**, and (M — 2NOz)** charged species, most likely a fragment from decomposition
species, respectively (see Supporting Information for full mass §,e to the ESI-MS conditions. Unlike complex@s?, and9,

where support for the structures of the self-assemblies could

(71) Ogawa, H.; Onitsuka, K.; Joh, T.; Takahashi, S.; Yamamoto, Y.; Yamazaki,

H. Organo_metall}ilcsl%a 7, 2h2.5772dzzo. _ i be obtained from the ESI-MS experiments, the two squares
(2) %%Q”i‘éﬂigg;‘flgog; J Whiteford, J. A.; Stang, POdganometalics 50410 did not hold together during the ESI-MS experiments,

(73) Gardinier, J. R.; Clerac, R.; Gabbai, F.J.Chem. Soc., Dalton Trans. and the mass spectra could not be obtained. The-(BCRs-
2001, 23, 3453-3458. 54 . . X .

(74) Zaman, M. B.; Tomura, M.; Yamashita, Y.Org. Chem2001, 66, 5987~ S0;)>* peak forl0 could be isotopically resolved; however, it
5995

(75) AIIan', J. R.; Barrow, M. J.; Beaumont, P. C.; Macindoe, L. A.; Milburn, was not very intense and overlapped with some unidentifiable
G. H. W.; Werninck, A. RInorg. Chim. Actal998 148 85—90. fragments.
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Figure 5. Electrospray ionization quadrupole MS of carborane rectangle
6. (A) (M — 4NOy)**, (B) (M — 3NO3)%*, and (C) (M— 2NO3)?t. The
carborane rectanglé appears to dissociate under the conditions used to
collect the ESI-MS spectra, and tmaz = 1448.2 peak is due to two
overlapping species. The impurity is singly charged.

Conclusion

Five nanoscopic metallacyclic carborane complexess)

were synthesized via self-assembly from several new carborané

tectons. These assemblies were characterizetHbgnd 3P

NMR spectroscopy and elemental analysis. A rectangle, a

triangle, and two squares were prepared from linear 180
linkers, and a hexagon was prepared from a°1t2@ton. For
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Figure 6. Electrospray ionization quadrupole MS of carborane triafigle
(A) (M — 5NO3)5+ and (B) (M — 4NOz)**.

semblies are very soluble in common organic solvents. There-
fore, it should be possible to build assemblies that incorporate
even larger numbers of carborane cages. We are currently
pursuing the possibility of extending this idea to three-
dimensional assemblies such as cubes, tetrahedrons, and trigonal
bipyramids.

Experimental Section

Toluene was distilled from K(s), triethylamine was distilled from
sodium hydroxide after being stirred for two weeks, and tetrahydrofuran
THF) was distilled from K(s)/benzophenone. 1igxsPt(PE$).NO3),-
anthracenel(1),5657 2,9-trans-Pt(PE$),NOs),phenanthrenel@),' cis-
Pt(PE$)o(CRSOs), (13),7¢ 1,12-bis-ethynyk-carborané? transPt-
(PEB)2l2,"" 4-iodopyridine’® bis(4-pyridyl)ketone 14), and Pt(dppp)(4-
ethynylpyridine) (15)%° were prepared according to literature procedures.
1,7-Bis-ethynylm-carborane was prepared analogously to the synthesis

such large and complex molecules, the NMR spectra of thesedescribed for 1,12-bis-ethynp-carborané® NMR solvents (CGNO,

assemblies are very simple (e.g., a singReresonance for the

CDCl;, CD.Cl,, and (CR).CO) were purchased from Cambridge

hexagon9 at 18.4 ppm), suggesting the assemblies are highly Isotope Laboratory (Andover, MAjn-Carborane ang-carborane were

symmetrical. Furthermore, the structures of three compleges (
7, and9) have been established by ESI-MS.

The formation of the four different-shaped carborane polygons

purchased from Katchem (Czech Republic). All other reagents were
purchased (Aldrich or Acros) and used without further purification.

. . . . . (76) Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. Nl. Am. Chem. Sod.995
demonstrates the flexibility of using coordination-driven self- 117, 6273-6283.
i i i _ (77) Jensen, K. AZ. Anorg. Allg. Chem1936 229, 225-251.
assembly tg incorporate multiple carboranes into large mol (78) Coudret, CSynth. COmMUNLI96 26, 35433547
ecules. Unlike carborods and carborane polymers, where the(79) Minn, F. L.; Trichilo, C. L.; Hurt, C. R.; Filipescu, Nl. Am. Chem. Soc.
. . 197Q 92, 3600-3610.
limiting factor determining the number of carboranes that can (80) Whiteford. J. A- Lu, C. V.. Stang, P. J. Am. Chem. Sod997, 119

be inserted into the large molecules is solubility, these as- 2524-2533.

J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005 12137



ARTICLES

Jude et al.

1447.31447.6
B) Theoretical 41446'9\ WAL

1446.3
1445.9 _
1445.6 _

(M-3NO3)**

/P‘ PEty EtsP’ P'\

1447.8

C) Experimental 1446.8

m/z

Figure 7. Electrospray ionization quadrupole MS of carborane triarfglgd) Isotopic distribution pattern calculated ford1 (M — NOs)* adduct, (B)
isotopic distribution pattern calculated of the @M3NQ;3)3* species for triangl@, and (C) isotopic distribution pattern obtained from ESI-MS experiment
of the (M — 3NO3)3* species for7. The carborane triangl@ appears to dissociate under the conditions used to collect the ESI-MS spectra, avid$he

1447.8 peak is due to two overlapping species.

NMR spectra were recorded on a Varian Unity 300 or a Varian XL-
300 spectrometer. Thied and*3C NMR chemical shifts are reported
relative to residual solvent signals, af#® and**F NMR resonances
are referenced to an external unlocked sample of 8% (6 0.0)

and CFC} (0 0.0), respectively. Elemental analyses were performed
by Atlantic Microlab (Norcross, GA). Mass spectra ®and 7 were

1,12-¢rans-(Pt(PEt3)2|)CEC)Q-p-CzBloH 10 (2) To a solution of 1,-
12-bis-ethynylp-carborane (0.10 g, 0.520 mmol) dissolved in toluene
(200 mL) and triethylamine (35 mL) were addedns-Pt(PE).l, (2.85
g, 4.16 mmol) and Cul (0.020 g, 0.10 mmol) under an atmosphere of
nitrogen. The mixture was stirred at room temperature for 3 h, and the
solvent was removed by evaporation on a rotary evaporator. The residue

recorded on a Micromass Quattro Il triple-quadrupole mass spectrometerwas purified by column chromatography on silica gel (7:1 hexanes:

using electrospray ionization with a MassLynx operating system. Mass
spectra for9 were recorded on a modified lonspec ESI-FT-ICR mass
spectrometer (Lake Forest, CA) equipped with an actively shielded 7-T
superconducting magnet (Oak Ridge, TN). For the ESI-FT-ICR
instrument, the source (Analytica of Branford) was modified to accept
a heated metal capillaf},and a new dual ESI sourehas been
described elsewhere in det&if

1,12-(4-G=C(CsH4N))2-p-C2B1oH10 (1). To a stirred suspension of
4-jodopyridine (275 mg, 1.35 mmol), 1,12-bis-ethypytarborane (115
mg, 0.598 mmol), and Cul (4.0 mg, 0.0210 mmol) in triethylamine
(20 mL) and THF (10 mL) was added tetrakis(triphenylphosphine)-
palladium(0) (34.5 mg, 0.03 mmol) under an atmosphere of nitrogen.
The reaction mixture was stirred at 7G for 18 h. The light yellow
precipitate was removed by vacuum filtration and washed with diethyl

diethyl ether). The first band (yellow) containtdns-Pt(PES).l, (1.98

g, 2.89 mmol), and the second band was the colorless product. Yield:

0.33 g, 48%. Anal. Calcd for §gH70B10PsPl2: C, 27.57; H, 5.40; N,

0.0. Found: C, 27.56; H, 5.43; N, 0.0 NMR (CDCls, 6): 1.06

(36H, m, CHy), 2.03 (24H, m, CH)), 1.4-3.4 (10H, m, BH)3P{'H}

NMR (CDCls, 8): 9.4 (s,2Jprp = 2300 Hz).23C{1H} NMR (CDCls,

d): 8.1 (m, CH), 16.4 (m, CH), 68.6 (s, carborane), 80.6 (lcp =

13.6 Hz, acetylene), 94.8 (s, acetylene).
[1,12-(tl’aﬂS-Pt(PEt3)2CEC)2-p-CzB]_0H 10](CF3SO3)2 (3) A mixture

of 2(0.215 g, 0.163 mmol) and silver triflate (0.088 g, 0.342 mmol) in

dichloromethane (15 mL) was stirred for 18 h at room temperature.

The resultant AgCl precipitate was removed by vacuum filtration

through cotton, and the filtrate was concentrated to 5 mL. The white

solid was precitated by addition of diethyl ether (50 mL) and collected

ether. The filtrate was evaporated to dryness, and the residue wasby vacuum filtration. Yield: 193 mg, 88%. Anal. Calcd forsjE7oB10Ps-

chromatographed on silica gel (0.5 ir.8 in.; 98:2 CHCI,:CHz;OH).

The residue was dissolved in boiling hexanes, filtered, and cooled to
—25 °C. The crystalline solid was collected by vacuum filtration.
Yield: 0.165 g, 79%. Anal. Calcd for H1sB1oN2: C, 55.47; H, 5.24;

N, 8.09. Found: C, 55.54; H, 5.41; N, 7.80. Mp: 1%95. *H NMR
(CDCl,, 0): 8.52 (4H, d, py), 7.17 (4H, d, py), 1.6 (10H, m,
BH). BC{H} NMR (CD.Cl,, d): 66.5 (s, carborane), 78.4 (s, acet-
ylene), 89.4 (s, acetylene), 126.1 (s, py), 129.5 (s, py), 150.4 (s, py).

(81) Chowdhury, S. K.; Katta, V.; Chait, B. Rapid Commun. Mass Spectrom.
1990 4, 81-87.

(82) Nepomuceno, A. |.; Muddiman, D. C.; Bergen, H. R.; Craighead, J. R,;
Burke, M. J.; Caskey, P. E.; Allan, J. Anal. Chem.2003 75, 3411~
3418.

(83) Bergen, H. R.; Ajtai, K.; Burghardt, T. P.; Nepomuceno, A. |.; Muddiman,
D. C. Rapid Commun. Mass Spectro03 17, 14671471.
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Pt](CFsSGs)2: C, 28.45; H, 5.22; N, 0.0. Found: C, 28.21; H, 5.47,;
N, 0.14. Mp: 252°C (dec).'H NMR (CDCls, 6): 1.81 (24H, m, CH)),
1.4-3.4 (10H, m, BH), 1.03 (36H, m, Gl 3P{'H} NMR (CDCls,
0): 22.9 (s,pp = 2350 Hz).1%F NMR (CDCk, 0): —76.2 (s).

The NG~ salt [1,12-fransPt(PEt),C=C),- p-C:B10H1¢](NO3), was
prepared by the same procedure as [1it&a&Pt(PEt),C=C),-p-
C:B10H10](CFsS0s),, substituting silver nitrate for silver triflate. Anal.
Calcd for [GoH70B10PsPE](NO3)2: C, 30.61; H, 5.99; N, 2.38. Found:
C, 30.34; H,5.97; N, 2.36H NMR (CD,Cly, 9): 1.11 (36H, m, CH),
1.75 (24H, m, CH), 1.4-3.4 (10H, m, BH)3%P{*H} NMR (CD.Cly,
0): 20.5 (s, Jpp = 2450 Hz).

1,7-trans-(Pt(PEts)2l)C=C),-m-C,B10H10 (4). Synthesized by the
same procedure & substituting the appropriate starting materials:
1,7-bis-ethynylm-carborane (0.022 g, 0.114 mmoatans-Pt(PES).l»



Coordination-Driven Self-Assembly with Carboranes

ARTICLES

(0.78 g, 1.14 mmol), and Cul (0.011 g, 0.057 mmol). Yield: 0.070 g,
47%.H NMR (CDCls, 0): 1.12 (36H, m, CH), 1.4-3.4 (10H, m,
BH), 2.11 (24H, m, CH). 31P{*H} NMR (CDCl, 8): 9.5 (S,2Jpr-p =
2300 Hz).

[1,7-(trans-Pt(PEts),C=C),-m-C2B10H 1] (CF5sS0s)> (5). Synthesized
by the same procedure & substituting the appropriate starting
materials: 4 (0.05 g, 0.038 mmol) and AgGEG; (0.021 g, 0.0802
mmol). Yield: 0.043 g, 83%H NMR (CD.Cl,, 6): 1.16 (36H, m,
CHs), 1.4-3.4 (10H, m, BH), 1.98 (24H, m, CHl 3P{*H} NMR
(CD.Cly, 6): 22.7 (s,Jpp = 2350 Hz).*F NMR (CD.Cl,, 9):
—76.2 (s).

[(1,8-(trans-Pt(PEts),).anthracene)-1,12-(4-GC(CsH4N))2-p-
C2B10H10]2(NO3)4 (6). To 11 (0.030 g, 0.026 mmol) in a 2-dram vial
was added 1,12-(42€C(CsHaN))2-p-C2B10H10 (0.009 g, 0.026 mmol)
as a mixture in CENO; (1.5 mL). To the mixture was added 0.5 mL
of D;O. The vial, sealed with Teflon tape, was capped and heated at
65 °C for 18 h. The CBNO, layer was removed, and diethyl ether
was added to precipitate a yellow solid. The vial was centrifuged, and
the solvent was decanted. The yellow solid was dried under vacuum.
Yield: 0.033 g, 85%. Anal. Calcd for [geH17B20N4PsPu](NOg)s: C,
42.97; H, 5.74; N, 3.71. Found: C, 42.63; H, 5.78; N, 3'¥2NMR
(CDsCOCD;, 9): 0.9 (72H, m, CH), 1.5 (48H, m, CH), 1.4-3.8 (20H,

m, BH), 7.23 (4H, dd, CH), 7.667.86 (16H, m, CH), 8.45 (s, 2H,
CH), 8.98 (m, 8H, CH), 9.49 (s, 2H, CH}*P{*H} NMR (CDsNOy,
0): 8.9 (s,Jpp = 2640 Hz).

The Pk~ salt of 6 was synthesized by dissolving the yellow RO
salt in acetone/kD and adding a saturated aqueous solution of KPF
to precipitate the product, which was collected by vacuum filtration.
Anal. Calcd for [GogH17B20N4PsPt](PFs)42: C, 38.71; H, 5.17; N, 1.67.
Found: C, 38.51; H, 5.22; N, 1.74.

[(2,9-(trans-Pt(PEts)2)phenanthrene)-1,12-(4-&C(CsH4N))-p-
C2B10H10]3(NO3)s (7). To 12 (0.030 g, 0.026 mmol) in a 2-dram vial
was added 1,12-(4€C(CsHaN))2-p-C2B1oH10 (0.009 g, 0.026 mmol)
as a mixture in CENO; (1.5 mL). To the mixture was added 0.5 mL
of D;0O. The vial, sealed with Teflon tape, was capped and heated at
65 °C for 18 h. The CNO; layer was removed, and diethyl ether
was added to precipitate a light yellow solid. The vial was centrifuged,
and the solvent was decanted. The light yellow solid was dried under
vacuum. Yield: 0.035 g, 90%. Anal. Calcd for {§H25sB30NeP12P 1]
(NO3)e*4H,0O: C, 42.30; H, 5.83; N, 3.65. Found: C, 42.32; H, 5.68;
N, 3.60.2H NMR (CDsNO,, 0): 1.16 (108H, m, Clg), 1.40 (72H, m,
CH,), 1.4-3.6 (30H, m, BH), 7.6-7.8 (30H, m, CH), 8.69 (6H, d, d,
py), 8.91 (12H, m, CH)3P{*H} NMR (CDsNO;, 9): 14.9 (s,pp
= 2670 Hz).

The Pk~ salt was synthesized by dissolving the yellow NQalt
in acetone/HO and adding a saturated agqueous solution of gieF
precipitate the product, which was collected by filtration. Anal. Calcd
for [C152H258830N6P12P133](PF5)6: C, 3871, H, 517, N, 1.67. Found:
C, 38.70; H, 5.22; N, 1.76.

[CiS—Pt(PEt3)2-l,12-(4-C:;C(C5H4N))2-p-C2810H 10]4(CF3503)3 (8)

To a 2-dram vial containind3 (12.8 mg, 0.018 mmol) was addéd
(6.1 mg, 0.0176 mmol) in a mixture of nitromethadgef(l mL) and
acetoneds (0.1 mL) to give a colorless solution. The reaction mixture
was stirred overnight at room temperature, furnishing the macrocycle
8. The solution was evaporated to dryness, and the product was
collected. Yield: 99%. Anal. Calcd for (&H19B40NsPsPty)[CF:SO;]
5H,0: C, 32.80; H, 4.63; N, 2.55. Found: C, 32.75; H, 4.42; N, 2.64.
IH NMR (CD3NOj/acetoneds, ¢): 1.27 (72H, m, CH), 1.93 (48H,

m, CH,), 1.5-3.6 (40H, m, BH), 7.50 (16H, d, py), 8.76 (16H, d, py).
31P{1H} NMR (CDsNOy/acetoneds, 6): 3.4 (s, Jprp = 3070 Hz).2%F
NMR (CD3sNOj/acetoneds, d): —77.0 (s).

[(1,7-(trans—Pt(PEt3)2CEC)2-m-CzBloH 10)((4-C5H4N)2C=O)]3-
(CF3SOs)6 (9). To a 2-dram vial containing (11.5 mg, 0.009 mmol)
was added 4 (1.6 mg, 0.009 mmol) in dichloromethawig{2 mL) to

give a colorless solution. The reaction mixture was stirred overnight

at room temperature. The solution was evaporated to dryness, and the

product was collected. Yield: 99% NMR (CD.Cl,, 6): 1.15 (108H,
m, CH), 1.75 (72H, m, CH), 1.5-3.5 (30H, m, BH), 8.16 (12H, d,
py), 8.83 (12H, d, py)3P{*H} NMR (CD.Cl,, 0): 18.4 (5,"Jprp =
2271 Hz).*%F NMR (CD.Cly, 0): —77.2 (s).
[(1,12-(rans-Pt(PEts),C=C),-p-C2B10H 10)(Pt(dppp)(4-C=C-
(CsH4N))2)]4(CF3S0s)s (10). To a 2-dram vial containin@ (16 mg,
0.012 mmol) was addetb (9.7 mg, 0.012 mmol) in dichloromethane-
dz (2 mL) to give a colorless solution. The reaction mixture was stirred
overnight at room temperature. The solution was evaporated to dryness,
and the product was collected. Yield: 99%. Anal. Calcd for
(C284H415840N3P24Pt12)[CngQ:;]s: C, 4054, H, 485, N, 1.30. Found:
C, 40.46; H, 4.89; N, 1.26!H NMR (CD,Cl,, 0): 1.02 (144H, m,
CH.CH3), 1.56 (96H, m, &,CHs), 1.5-3.5 (40H, m, BH), 2.06 (8H,
s, CHCH,), 2.63 (16H, s, EI,CH,), 6.85 (16H, d, py), 7.41 (48H, m,
Ph), 7.67 (32H, m, Ph), 8.04 (16H, d, p§3P{H} NMR (CD,Cly, 9):
18.4 (s Xpip = 2310 Hz),—5.0 (s,2prp = 2190 Hz) 1F NMR (CD»-
Cly, 0): =77.1 (s).
X-ray Crystallography. Colorless plates of were grown by slow
evaporation of a hexanes solution. Colorless plate® were grown
by slow evaporation of a dichloromethane/hexanes/diethyl ether solu-
tion. Crystals were mounted on a glass fiber with Paratone-N, and
diffraction data were collected at 150(1) K using a Nonius Kappa CCD
diffractometer equipped with graphite-monochromated Mor&diation
(A =0.71073 A). Intensities were corrected for Lorentz, polarization,
and absorption effects using DENZO-SMN and SCALEPAChe
structures were solved using SIR®and refined by full-matrix least
squares orf 2. For all compounds, non-hydrogen atoms were located
directly by successive Fourier calculations and refined anisotropically.
Hydrogen atoms were either located directly or calculated on the basis
of geometric criteria and refined isotropically using SHELXL8The
isotropic displacement parameters for the H atoms were defined as
times Ugq Of the adjacent atom, whese= 1.5 for —CHz and 1.2 for
all others. Forl, the carborane unit is located on an inversion center.
For 2, the asymmetric unit contains two independent molecules, one
full molecule and two halves sitting on two-fold axes. One PEt
group (P8, C55, C56, C57, C58, C59, and C60) is disordered, and
the occupancies were set at 0.5 for all atoms. Also Stlamgle, near
90°, implies pseudo-merohedry twinning, and a twin Jaw0 0 0—1
0 0 0 —1, was applied. Crystallographic data are summarized in
Table 2.
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