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The synthesis and X-ray structures are reported figtidroquinone)Rh(P(OP§}] X~ (X = BFy,
ClO,, SbF, OTf, OTs, OP), [-resorcinol)Rh(P(OPR)] "BF,~, and [(;%-4,4-biphenol)Rh(P(OPR),] "BF,.
In these complexes, theOH groups are activated by the electrophilic rhodium moiety to participate in
charge-assisted hydrogen bonding to the anionic counterion. The crystal structures feature three kinds of
noncovalent interactionshydrogen bonding, Coulombic attraction, ametsr stacking, which result in
an intriguing array of architectures: dimeric, 1-D cha@y, helical, andC; helical. The nature of the
charge-assisted hydrogen bonding and the resulting 3-D structure in these systems are remarkably dependent
on the identity of the anion. Robust porous networks are formed rapidly (minutes or less) #fith [(
hydroquinone)Rh(P(OP§}*X~ (X = BF,; ClO;) and [@°-resorcinol)Rh(P(OPB),]*BF;~. The
hydrophobic pores in {-hydroquinone)Rh(P(OP¥}]*ClO,~ bind toluene reversibly. This work
demonstrates that self-assembly of well-designed organometallic building blocks via charge-assisted
hydrogen bonding is an effective strategy for the construction of robust porous networks. With counterions
containing both oxygen and fluorine, it was found that the former is invariably the hydrogen bond acceptor,
a result in agreement with atomic charge calculations. It is anticipated that self-assembly via charge-
assisted hydrogen bonding is an approach applicable in many organometallic systems.

Introduction bonding, which can occur in ionic or zwitterionic systems and
L refers to hydrogen bonding accompanied by Coulombic interac-
The self-assembly of molecules or molecular units into iqng yesyiting from the inherent electronic chargd@is can
supramolecular arrays can be driven by covale;nt bond formation o4 to an exceptionally strong interaction between the op-
and/or can be driven by noncovalent interactions suci&s positely charged components. For example, depending on the
stacking, hydrogen bonding, and van der Waals f_o%ces. identity of the anionic componeftguanidinium cations can
Hydrogen bonding has been recognized as a particularly o e 5 catioranion association constant as high a8 WO,

powerful t.O.OI. in ';his regard because of its ur_1ique dire_ctionality Similarly, charge-assisted hydrogen bonding can be an effective
and speC|f|C|ty2._v Supramole_cular assemblies predpated on strategy for fully utilizing the directional properties of hydrogen-
hydrog(_an _bondlng can be reln_fc_)rced by the cooperative action bonding-mediated assembly in organometallic systefns.

of multipoint H bonds or additional cooperative interactions
between the modular components of the asseriflyAn

important example of this is so-calleflarge-assistetiydrogen (é)_ 'g’gég‘;:gzegta&v? Regﬁhmb@eisief &aglmgg'”'&ﬁgggrag% Mggieary'
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Chart 1. Organometallic Building Blocks Utilized in This
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organometallic sandwich compounds through charge-assisted

Study hydrogen bonding?We reported a polymeric network derived
OH from charge-assisted hydrogen bonding betweeyf-1(4-
Ho—C)—o Ho@ Ho—C)>—CS)>—oH hydroquinone)Mn(CQJ* and Sik®~ and more recently com-
F|W F|{h+ F|{h+ municated preliminary results for the formation of related

/N 2 /N networks resulting from interactions between th@H groups
(FROWF JPOPMa (PROKF™ PO, (FIOKE [, FOP in [(°-1,4-hydroquinone)Rh(P(ORM* (1%) and [¢7°-1,3-
hydroquinone)Rh(P(OP¥}]* (27) with the BR~ counterani-

F F o @ o 0 F onl?In the latter case, the assembly resulted in the formation
El,- Al F | | \ F of porous materials containing interesting hydrophobic channels
< F PN All=0 s R~ //S . . .
oy F i FooYyy &A\0o © \F Og = that consist entirely of phenyl groups from the triphenyl
)

phosphite ligands.

Herein we report a comprehensive study of noncovalent self-
Recently, it has been recognized that the structural and assembly in the ionig®-hydroxybenzene complexes illustrated
chemical versatility obrganometallicbuilding blocks can be  in Chart 1. These organometallic salts were found to exhibit

utilized to prepare supramolecular assemblies with distinct differential hydrogen-bonding ane—x stacking interactions,
physical and chemical properties that cannot be replicated inresulting in an intriguing array of both discrete and polymeric
purely organic systenfs For example, self-assembled coor- supramolecular solid-state structures. Solution-phase IR studies
dination networks that feature transition-metal nodes and theand molecular orbital calculations of atomic charges are
anionic complex [f*quinone)Mn(COJ]~ as organometallo-  presented to rationalize the structural variations found.

ligand spacers have been extensively repof®ed.addition to
coordination-mediated self-assembly, there has been a consider-
able interest in supramolecular organometallic assemblies
formed via noncovalent interactions. Braga and co-workers, for ~ Synthesis of 5-Hydroxybenzene Rhodium Salts. The
example, have described the self-assembly of a variety of complexes2]|BF, and B]BF4 were synthesized in good yields

OoTs’ OPf oTf
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Figure 1. Hydrogen-bonded structural patterns found in the solid statelfor 37X~ (a) dimeric; (b) 1-D chain; (ciC; helical; (d)Cs
helical.



5278 Organometallics, Vol. 25, No. 22, 2006

Son et al.

(PhOXR( /f"oph)3 ( (PhO)P,_P(OPh);
Rh o SHFe Rh* SbFg"
0., N
—/ HOOCE or” e Ho—Cp—on N
Dry Under Vacuum
_— ¢ -
— oo _ 0—<C o
o) | SbFg |
Rh* > Rh* SbFe_
/ N\ / N\
(PhO)sP P(OPh); (PhO);P P(OPh);

Figure 2. Hydrogen-bonded structure of crystalliteSbR~ as a diethyl ether solvate (left) and slippage to-ar-stacked structure upon

drying (right).

Table 1. Crystallographic Data

1*ShFs~ 1*SbRs~(hex) 1+OTf~ 1*OPf- 3tBFs~ 1OTs™ 1+ClOs~
formula GsoHs6F6010- CaoH3z6F60g- CuaH3sCloF3- CaoHzeF2- CagHaoBF4- CsoHasCloO11-  CaH3eCl-
P,RhSb P,RhSb 011P,.RhSb O10PsRh OgP2Rh P,RhS O12P.Rh
fw 1217.55 1069.31 1067.55 934.53 996.46 1089.67 933.01
T, K 100(2) 173(2) 100(2) 100(2) 100(2) 293(2) 100(2)
cryst syst triclinic triclinic triclinic triclinic monoclinic orthorhombic ~ rhombohedral
space group P1 P1 P1 P1 P2/c P21212; R3
a, 12.834(1) 10.669(2) 10.597(1) 10.843(1) 17.960(5) 11.875(3) 38.625(2)
b, A 13.259(1) 14.186(3) 13.952(1) 11.245(1) 11.306(3) 17.555(5) 38.625(2)
c, A 17.158(1) 16.885(3) 16.587(1) 17.908(1) 23.267(7) 24.061(7) 15.096(1)
o, deg 94.600(1) 65.795(4) 74.722(1) 105.394(1) 90 90 90
B, deg 99.863(1) 85.774(4) 84.604(2) 90.398(1) 105.502(5) 90 90
y, deg 116.234(1) 70.863(4) 70.769(1) 107.279(1) 90 90 120
v, A3 2539.9(3) 2196.5(7) 2233.7(3) 2001.5(3) 4553(2) 5016(3) 19505(1)
z 2 2 2 2 4 4 18
Dealca g/CrT® 1.592 1.617 1.587 1551 1.454 1.443 1.430
F(000) 1232 1064 1084 952 2032 2232 8568
cryst size, mm 0.1% 0.16x 0.15x 0.11x 0.10x 0.09x 0.07x 0.06x 0.14x 0.14x 0.14x0.11x 0.12x 0.11x
0.15 0.05 0.05 0.05 0.10 0.04 0.10
6 range, deg 1.7428.42 1.65-25.11 1.66-26.45 1.98-26.55 1.82-23.25 1.44-25.07 1.48-25.10
no. of rflns collected 30290 21333 24103 21 442 35882 47 263 63011
no. of data/restraints/ 12 161/6/635 7778/0/505 9123/46/572 8253/0/513 6529/730/618  8890/0/606 7711/0/523
params
goodness of fit orfF? 1.026 1.022 1.128 1.076 1.067 0.930 1.030
final R indices ( > 24(1))
R1 0.0377 0.0943 0.0748 0.0725 0.1212 0.078 0.0789
wR2 0.0808 0.2578 0.1251 0.1558 0.2917 0.1451 0.2199

by treatment of the precursor [Rh(P(OBBEI].13 with AgBF,

in methylene chloride to generate [Rh(P(Of4) in situ, which
was then reacted with resorcinol and'4#phenol, respectively.
The 1,4-hydroquinone saltd]X (X~ = BF,~, Sbk™, PR,
ClO,~,0Ts", OTf") were synthesized in a similar manner, with
the anion X deriving from the silver salt (AgX) utilized.
Reactions utilizing silver nitrate and silver sulfate were unsuc-

Consequently, organometallic crystal engineering using these
building blocks may be expected to feature at least three kinds
of noncovalent interactions: hydrogen bonding, Coulombic
attraction, andr—s stacking.

Solid-State Structures and Self-AssemblyDiagrams of the
different types of solid-state structural patterns found in this
study are shown in Figure 1. The cationic hydroxybenzene

cessful, as were attempts to coordinate 1,3,5-trihydroxybenzenecomplexes 1™—3%) and the anionic companion (X can

and 1,2,4-trinydroxybenzene.
As indicated in Chart 1, complexés—3* present a number
of noncovalent interaction sites: hydroxyl groups, F and O

assemble to generate dimeric, 1-D chadla;helical, andCs-
helical motifs, most of which feature charge-assisted hydrogen
bonding. Relevant X-ray crystallographic data are summarized

atoms in the counteranions, phenyl rings, and electronic chargesin Table 1.

(9) (a) Braga, D.; Grepioni, F.; Desiraju, G. Rhem. Re. 1998 98,
1375. (b) Burrows, A. D.; Chan, C.-W.; Chowdhry, M. M.; McGrady, J.
E.; Mingos, D. M. PChem. Soc. Re 1995 24, 329. (c) Sun, S.-S.; Lees,
A. J.Inorg. Chem2001, 40, 3154. (d) Kuehl, C. J.; Yamamoto, T.; Seidel,
S. R.; Stang, P. Drg. Lett.2002 4, 913. (e) Shin, D. M.; Chung, Y. K.;
Lee, I. S.Cryst. Growth Des2002 2, 493. (f) Kim, Y.; Verkade, J. G.
Inorg. Chem.2003 42, 4262. (g) Hartnell, R. D.; Arnold, D. FOrgano-
metallics2004 23, 391. (h) Dong, Y.-B.; Geng, Y.; Ma, J.-P.; Huang, R.-
Q. Inorg. Chem.2005 44, 1693.
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Crystals of [{®-1,4-hydroquinone)Rh(P(OP$))] "SbFRs~
(17SbRs™) suitable for single-crystal X-ray analysis were
prepared by layering a methylene chloride solution-20 °C
with diethyl ether or hexane. Cube-shaped orange crystals and
plate-shaped yellow crystals were obtained with diethyl ether
and hexane cosolvents, respectively. The X-ray structure of the
orange crystals revealed that the hydroquiner@H groups
are hydrogen-bonded to diethyl ether present in the crystal lattice
(O---0O= 2.6 A), as shown in Figure 2 (left). The hydroquinone
rings are arranged in pairs due to an edge-to-edge stacking
interaction involving two carbon atoms of each ring. The average
C-+-C contact between the edges of adjacent rings is 3.3 A.

The simulated powder XRD pattern af'SbR—-2EtO is
shown in Figure 3a. The solid was found to slowly lose the
incorporated solvent molecules. After the solid was dried under
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remarkable concerted hydroquinone ring slippage of ca. 3 A
with concomitant loss of hydrogen bonding to the ether and
gain of 7—x stacking interactionsall without the loss of
I i I crystallinity.

Crystals of the triflate salt*OTf~ were grown by layering
hexane on a methylene chloride solutior&0 °C. The solid-
state structure consists of the dimeric unit illustrated in Figure

(b) 4 and follows the general pattern depicted in Figure l1a. The
two hydroquinone rings are— stacked (3.6 A), and theOH

groups are hydrogen-bonded to the sulfonate oxygens of the
triflate anion (average @0 = 2.68 A). Since the sulfonate

__

U

end of the triflate anion contains most of the net negative charge
©) (vide infra), the hydrogen bonding would be expected to involve
Wk s the oxygens rather than the fluorines and may be classified as
Fadans charge-assisted. Analogous charge-assisted hydrogen bonding
10 ' 20 S T 4 so0 to the oxygen atoms in triflate has been reported to occur in
20/deg [Cp.Ta(OHY|[OTf].24
Figure 3. PX-RD patterns: (a) simulated patternlofSbk~-2EO The synthesis oll*PFs~, with AgPRs; as the anion source,

from single-crystal data; (b) pattern dfSbs™ crystals after drying -, ceeded smoothly and gave a product with a satisfactory
under vacuum; (c) simulated pattern from single-crystal data of

1+SbRy- grown in CHCl, and hexane. elemental analysis. After slow recrystallization from methylene
chloride, however, it became evident from subsequent single-
vacuum for 1 day, the PXRD pattern changed significantly to crystal X-ray analysis and altered bulk elemental analysis that
that shown in Figure 3b, from which it is inferred that the solid hydrolysis of the anion to P, (OPf) had occurred during
remains crystalline but undergoes a substantial structural changdhe recrystallization process. The hydrolysis reaction probably
upon solvent loss. It proved possible to ascertain the nature ofstems from trace water and may have been accelerated by the
this change, because the simulated PXRD obtained from single-acidic nature of the coordinated hydroquinone. Hydrolysis of
crystal data forl*SbR;~ grown with hexane cosolvent (yellow PR~ in this manner has been observed previodsljhe X-ray
plates) matched that obtained after dryidgSbR—-2EtO structure oft"OPf~ (Figure 5) is very similar to that found for
(compare parts ¢ and b of Figure 3), suggesting that they havel*OTf . Charge-assisted hydrogen-bonding anez-stacking
the same structure. The structure of the former, shown in Figure (3.5 A) interactions dominate the observed dimeric units. Careful
2 (right), reveals ar—x-stacked dimeric aggregate with nearly analysis of the X-ray data confirmed that the hydrogen bonding
eclipsed hydroquinone rings that are separated by an averagdrom the hydroquinone-OH groups is to oxygen and not
of 3.5 A and not involved in any hydrogen bonding. It is fluorine acceptors on the OPfanion (average ©-O = 2.65
concluded that, upon dryingl*SbRs~-2ELO undergoes a  A).

(PhO)gP\ /+P(0Ph}3
Rh

fo o<
o, % é?,-%&

\\
‘\‘HO —Co)—oH-07Y 7
|

Rh*
(PhO)gP/ \P(OPh)g

Figure 4. Dimeric structure oft*OTf~, which features charge-assisted hydrogen-bondingmand-stacking interactions.
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o HO—@—OH\. o500

- LN .3
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F
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Figure 5. Dimeric structure ofl*OPf~ (compare tol*OTf~ in Figure 4).
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Single crystals ofl*BF,~ and 1"CIO,~ were grown by
layering a methylene chloride solution with diethyl etheér.
These two salts have virtually identical structures, which feature
the intriguing Cs-helical hydrogen-bonded network shown in
Figure 1d. Structural details fdr*ClO4~ are shown in Figure
9. The hydrogen-bonding distanceslifBF,~ are F--O = 2.47,
2.60 A, and those il*ClO,~ are O:-O = 2.38, 2.88 A. In
each compound, siC; helices assemble to generate the

hexagonal channels or pores illustrated in Figure 10. The
| structure belongs to the centrosymmetric space gR&jm@nd

Rh* the direction of rotation of the helices alternates around the
channels. The channels themselves located at the core of the
six helices consist of hydrophobic phosphite phenyl groups
(Figure 10). Two of the three phenyl groups from each P(@Ph)
ligand contribute to the channels, which have a diameter of ca.
10.5 A and are separated by ca. 23 A.

(PhO)P P(OPh),

Figure 6. Dimeric structure o2*BF,~, which does not have—x
interactions.

The dimeric structures found foltOPf  and 1tOTf~

combine in a cooperative manner three types of noncovalent The ease of formation of the pore structure shown in Figure
interactions: charge pairing, hydrogen bonding, anesw 10b for 1*ClO;~ and 1*BF, was investigated by comparing
stacking. Interestingly, a different type of dimeric assembly was the PXRD pattern of slowly grown macrocrystals with that found
found for [¢7°-1,3-hydroquinone)Rh(P(ORY “BF4~ (2'BF47)-**  for microcrystals obtained by rapid precipitation. The addition
In this case, the dimer is held together by charge-assistedof giethyl ether to a methylene chloride solution BfCIO,
hydrogen bonding but geometric restrictions prevertz led to rapid precipitation of a powder that appeared under a
stacking between the 1,3-hydroquinone rings (Figure 6). The nicroscope to consist of good-quality microcrystals. Relevant
hydrc;gen' bqnd distances BiBF, +ave£agi O'E =28A PXRD patterns for various samples bfClO4~ are shown in

[G7 —4,4-blphgnoI)Rh(P(OPla)g] BF‘? (3. BF47) forms the Figure 11a-c. The powder pattern simulated from single-crystal
hydrogen-bonding network depicted in Figure 1b. Only one F X-ray data is given in Figure 11a. Tleetual pattern obtained
atom in the BE~ anion participates in hydrogen bond formation with well-formed macrocrystals of+ClO,~ is very similar
with the phenoli_c—O_H groups. A.‘l'D polymeric chain strl_Jcture (Figure 11b). Interestingly, the PXRD of microcrystalline
gasullzts_ szhgv’\gnalr;] dF'girg Za,zv;ltg tt'rigédg)gcfn ?c?nqtl dlsttances 1*ClO,~ formed by simple rapid precipitation is similar (Figure

- e o -b crystal structure 11c), indicating that precipitatet ClO,~ is (i) indeed crystal-

featu_res small chann_els .Wh'Ch are lined with phenyl groups from line and (ii) has the same porous structure possessed by slowly
the triphenyl phosphite ligands that undergex stacking. The grown single crystals (Figure 10). We come to the significant

channels were found to be filled with unidentified disordered . . I
solvent molecules, which were located using PLATON software conclusion that the dynamic processes occurring in the assembly
(Figure 7b) ' of the organometallic building block™CIO,4~ into an intricate
The inter.estingcz-helical chain motif shown in Figure 1c 3-D supramolecular architecture with hexagonal channels oper-
was found for the tosylate salt ofyfi-1,4-hydroquinone)Rh- ate on a fast preparative time scale. Thus, the synthesis of
crystalline porous materials such d$ClO;~ can be ac-

(P(OPh));]* (17OTs").Y” Long rod-shaped single crystals of : o T .
1*OTs were grown by layering a methylene chioride solution complished within seconds (precipitation) rather than requiring
days (slow single-crystal growth).

with hexane at-20 °C. The helical hydrogen-bonding network
Analogous conclusions obtain for th&"BF,~ analogue

has C, projection symmetry (Figure 8). The space group

(P2:2,:2,) implies the generation of chirality during the crystal- (Figure 11d-f), although, due to contamination by an unidenti-
lization process, which means that the helices pack such thatfied species (asterisks in Figure 11e,f), the PXRD patterns are
all possess the same direction of rotation (the Flack parameternot as clear-cut as that seen withClO,. Stronger hydrogen

for the structure shown was determined-&&09(8)). The two bonding in1*CIlO,~ compared to that ili*BF,~ (vide infra)
independent hydrogen bonds IfOTs™ have G--O = 2.47 may be responsible for a cleaner crystallization process with

and 2.63 A. the former.

I "W

Rh* \O 0,

% N

(PhO)sP \P(OPh)a I H,
Rh*

ProYP” P(OPh);

(a) (b)
Figure 7. (a) 1-D hydrogen-bonded chain structure3irBF,~. (b) Structure of3*BF,~ with disordered solvent (violet) in channels that
are lined with phenyl rings.
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Figure 8. Cy-helical hydrogen-bonded structure foundlirOTs . The helices all pack with the same twist direction, resulting in a chiral
crystal.
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Figure 9. The Cs-helical hydrogen-bonded structure foundlinCIO,~ and 1t1BF,".

Preliminary experiments were done to probe the possible By comparison, ByNTCIO,~ and BuN"BF,~ decompose
interaction of appropriate aromatic molecules with the hydro- cleanly, with the tetrafluoroborate salt being more stable, as
phobic channels present i"CIO;~ (Figure 10). As seen in  expected.

Figure 12, the PXRD pattern of solid™ClO,~ changes
significantly after exposure to toluene for 5 days (Figure 12b) bo
and then reverts to the original pattern after drying under
vacuum. Although the details are unknown, it may be concluded
that toluene interacts reversibly with the host channels in
1+C|O47.

Figure 13 shows TGA curves farClO,~ and1*BF,~, along
with curves for relevant tetrabutylammonium salts. A DSC . ) . b
experiment withL *ClO,~ showed the onset of a heat capacity P @nd ¢)- The peak at 3517 cfis assigned to *freel™ i.e.,
change about 50°C lower than the TGA decomposition the complex _not hydr_ogen-bonded to the counteranion. In
temperature of ca. 18TC. TGA experiments generally reflect  SUPport of this assertion, peak b also appears at the same
gross thermal stability and not more subtle phase changes thairequency with the counterions BFand CIQ". The much
may be occurring. It is suggested that the DSC result signals greater intensity of this peak in the case of SbFeflects the
the breakup of theCs-helical hydrogen-bonding assembly in  relatively poor ability of SbE- to function as a hydrogen bond
1tClO4~. The TGA curves show that there is not a great acceptor, a fact also indicated by the X-ray structures (vide
difference in the thermal stabilities df"ClO,~ and 1*BF4~. supra).

IR Studies and Atomic Charge Calculations.The hydrogen-
nding interactions between the organometallic cations and
the counteranions shown in Chart 1 were studied in methylene
chloride solution via FT-IR. The results are summarized in
Figures14 and 15 and in Table 2. As shown in Figurevid,

in 1™ is red-shifted by hydrogen bonding to the anion. With
1"SbR, two IR peaks are seen at 3517 and 3405 t(iabeled
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Figure 11. PXRD patterns: (a) simulated patternIofCIO,~ from single-crystal X-ray data; (b) experimental pattern of macrocrystals of
1*CIO4~; (c) experimental pattern of microcrystals formed by simple precipitatiod*@1O,~; (d) simulated pattern of*BF,~ from
single-crystal X-ray data; (e) experimental pattern of macrocrystalsSBF,~; (f) experimental pattern of microcrystals formed by simple
precipitation of1tBF,".

Peaks e-e in Figure 14 are assigned to hydrogen-bonded counterion by application of logansen’s equafiéiihe results,
—OH groups. The shift of theseon bands from the “free” presented in Table 2, indicate that H bonding betw&éror
position (peak b) can be used to estimate the strength of the H2™ and the counteranion is greater for O-based acceptors than
bonding between the hydroquinoneOH groups and the  for F-based acceptors. The hydrogen-bonding strength spans the
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Figure 12. PXRD patterns: (altClO, freshly precipitated from methylene chloride with diethyl ether; Xb1O,~ after exposure to
neat toluene for 5 days; (d)"CIO,~ after vacuum drying of sample in (b).
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Figure 13. TGA curves: (all*ClO;~; (b) L'BF4~; (c) BuN*CIO,™; — tEE-
(d) BWN*BF4~. Inset is the DSC curve fdttClO,4~. 1‘CI(3'
range 14-27 kJ/mol and follows the order SpF< BF4 < Figure 14. IR spectra in thevoy region (11 mM, CHCl,
Clos~ = OTf~ < OPf, OTs.. solvent): (a) free 1,4-hydroquinone; (X~ without hydrogen

The von bands in the IR spectra of free hydroguinone, bonding betweed* and X°; (c—e) 17X~ with hydrogen bonding
resorcinol, and 4/4biphenol were found to be invariant over betweenl™ and X".
the concentration range utilized {31 mM), indicating the
absence of intermolecular hydrogen bonding at these concentrahydrogen bond acceptor. Charge pairing of the specig&sxT
tions. In contrast, Figure 14 clearly shows that hydrogen bonding undoubtedly complements the hydrogen bonding. To probe the
in 1+X~ can be extensive at 11 mM. The enhanced hydrogen “charge-assisted” nature of the hydrogen bonding, IR spectra
bonding in1*X~ can be attributed to (1) the positive charge on of CH.Cl, solutions of 1,4-hydroquinone (11 mM) containing
the cation brought about by the electrophilic rhodium fragment varying amounts of B4CIO,4 were recorded. As shown in Figure
and (2) the obligatory anionic counterion that can act as a 15, 1 equiv of BUNCIO4 has little effect on the IR spectrum
and, even with 10 equiv of BMCIO,4 present, a significant
(14) Quan, R. W.; Bercaw, J. E.; Schaefer, WARta Crystallogr., Sect. amount of free hydroquinone remains. We conclude that the
© (1csr§/ itér?r:gjnftlsfggnq]:sr;l %?3.;(?;’&11?:5;{@@. Chim. Acte2003 345, hydrogen bonding.ob_served with X.f._?ﬁxf has as im_p_ortan'_[
components both ionic charge pairing and electrophilic activa-

' (16) X-ray structures of*BF,~ and2*BF,~ were reported in ref 12. tion imparted by coordination to the transition metal.
(17) Charge-assisted hydrogen bonding of tosylate has been reported: . . .
Doubell, P. C. J.; Olivier, D. W.; Van Rooyen, R. lActa Crystallogr., Next, we performed m0|eCUIar orbital calculatlt_)ns using
Sect. C: Cryst. Struct. Commut991, C47, 353. Spartaf® to assign atomic charges to the key terminal atoms

(18) The logansen equation #sH° = —1.28Av)¥2 (a) Kazarian, S. for the range of counterions. Atomic charges are notoriously
G.; Hamley, P. A.; Poliakoff, MJ. Am. Chem. S0d.993 115 9069. (b)
logansen, G. A.; Kurkchi, G. A. Furman, V. M.; Glazunov, V. P.; Odinokov,
S. E.Zh. Prikl. Spektrosk198Q 33, 460. (19) Spartan '04, Version 1.0.3; Wavefunction, Inc., Irvine, CA 2004.
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Figure 15. IR vou peaks for 1,4-hydroquinone §8, 11 mM, CH-
Cly) in the presence of BMCIO,. Peak a is due to free R, and
peak b is due to KQ hydrogen bonded to CIQO.

Table 2. Summary of IR Study of Hydrogen Bonding

von (cm™1)
compd free H bonded shift  —AHP (kJ/mol)

hydroquinone 3585

resorcinol 3580

4,4-biphenol 3598

17ClO4~ 3517 3231 286 21.6
17OTf 3517 3170 347 23.8
17OPf- 3517 3078 439 26.8
1"OTs™ 3517 3058 459 27.4
1"BF4~ 3517 3330 187 17.5
17SbRs~ 3517 3405 112 13.5
2"BF4~ 3505 3321 184 17.4
3"BF,~ 3573 3296

aData obtained using 11 mM solutions in methylene chlorfd@alcu-
lated with the logansen equatiéh.¢ Peak unchanged in 3 mM solution.
dvon peak in coordinated hydroquinone, which is not hydrogen bonded.
€The von peak in the uncoordinated phenol ring.

Table 3. Calculated Atomic Charges

CHsCeHa-
SbR~ BFs ClOs SOy CRSOs™ PRO,"
F F o o F o) F o)
elec —0.55 —0.55 —0.71 -0.81 -0.30 —0.76 —0.43 —0.90
mull —0.49 —0.53 —0.66 —-0.71 —0.42 —0.68 —0.47 —0.75
nat —0.67 —0.61 —0.94 -1.08 -0.39 —1.06 —0.62 —1.13

aUsing Spartan '04 with a 3-21G(*) Gaussian basis set. Abbreviations:
elec, electrostatic potential; mull, Mulliken population analysis; nat, natural
bond orbital population analysis.

difficult to define2® which led us to include the results from

Son et al.
Conclusions

The organometallic  salts ff-hydroxybenzene)Rh-
(P(OPh})2] "X~ undergo noncovalent self-assembly dominated
by charge-assisted hydrogen-bonding andr-stacking interac-
tions. The electrophilic Rh(P(OP))™ moiety activates the
phenolic—OH groups to participate in strong hydrogen bonding
to the anionic counterion X The nature of the hydrogen-
bonding interactions and the resulting 3-D structures are
remarkably dependent on the identity of the anion. The X-ray
structures of [g®-hydroguinone)Rh(P(OP§)}]X salts (X = BF,,

ClO,, SbFs, OTf, OTs, OPf) display an assortment of dimeric,
Co-helical, andCs-helical motifs. This work demonstrates that
self-assembly of well-designed organometallic building blocks
via charge-assisted hydrogen bonding is an effective strategy
for the construction of robust porous networks that are formed
rapidly (minutes or less). With counterions containing both
oxygen and fluorine, it was found that the former is invariably
the hydrogen bond acceptor, a result in agreement with atomic
charge calculations. It is anticipated that self-assembly via
charge-assisted hydrogen bonding is an approach applicable to
many organometallic systems.

Experimental Section

General Considerations All reactions were carried out under
N, in flame-dried glassware. HPLC-grade methylene chloride and
diethyl ether solvents were used as received without further
purification. [Rh(COD)CI} was provided by Strem Chemicals. The
IH NMR spectra were recorded on Bruker (300 MHz) spectrom-
eters. Elementary analyses were performed by Quantitative Tech-
nologies Inc. (QTI, Whitehouse, NJ). Thermogravimetric analyses
(TGA, Q500 from TA Instruments) and differential scanning
calorimetry (DSC, DuPont DSC 2910) were performed at scan rates
of 5 and 10°C/min using N, respectively. X-ray powder diffraction
(PXRD) data were recorded on a Bruker D8 ADVANCE instrument
at 40 kV and 40 mA with Cu K radiation ¢ = 1.54050 A), a
scan speed of 0°5, and a step size of 0.1n 26.

[(%#5-1,4-hydroquinone)bis(triphenyl  phosphite)Rh]SbFk-
(1*SbFs"). After the glassware was flame-dried, [Rh(P(OHOI],*2
(0.36 g, 0.24 mmol) and AgShFK0.19 g, 0.56 mmol) were mixed
for 1 h atroom temperature in methylene chloride (5 mL). While
the mixture was stirred, a white precipitate formed on the bottom
of the glassware, after which 1,4-hydroquinone (0.10 g, 0.91 mmol)
was added to the reaction mixture. After the mixture was stirred
for 2 h atroom temperature, the solvent was removed by rotary
evaporation. The residue was dissolved in methylene chloride (3
mL) and slowly dropped into an ether solution through a Celite
pad. A yellow solid formed in the ether solution and was collected
by filtration (washed with diethyl ether, 10 mL, three times). The
isolated yield was 83% (0.42 g, 0.39 mmol). Crystals were grown
by dissolvingl*SbR~ (30 mg) in methylene chloride (1.0 mL) in
a 5 mL vial and layering with 3 mL of diethyl ether. The solution
was placed in a refrigerator for 2 weeks, after which yellow crystals
formed on the wall of the viatH NMR (CD,Cl,): ¢ 7.37 (t,J =

three differing approaches. However, regardless of the charge7.8 Hz, OPh, 12H), 7.27 (§ = 7.6 Hz, OPh, 6H), 7.03 (d,= 7.8
partitioning scheme used, the oxygen atoms are calculated toHz, OPh, 12H), 6.11 (br s, OH, 2H), 5.68 (s, hydroquinone ring,

be more electron rich than the fluorine atoms (see Table 3).

4H). Anal. Calcd for vacuum-dried £0¢H3sP.RhSbk: C, 47.18;

These results are in agreement with the observed preferencdd, 3.39. Found: C, 47.85; H, 3.48.

for charge-assisted hydrogen bonding to oxygen over fluorine

in OTf~ and OPf, as well as the trends observed in the IR
spectra.

(20) Hehre, W. J.A Guide to Molecular Mechanics and Quantum
Chemical CalculationsWavefunction: Irvine, CA 2003; Chapter 16.

[(#5-1,4-Hydroquinone)bis(triphenyl  phosphite)Rh]OTf-
(1tOTf~). The same procedure was followed using AgOTf instead
of AgSbFs. The isolated yield was 91%. Crystals bfOTf~ were
grown by layering a methylene chloride solution with hexane and
cooling in a refrigerator for 2 days. Yellow crystals formed on the
wall of the vial.'H NMR (CD,Cl,): 6 8.26 (br s, OH, 2H), 7.31(t,

J = 8.0 Hz, OPh, 12H), 7.21 (] = 7.9 Hz, OPh, 6H), 6.97 (d
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= 8.0 Hz, OPh, 12H), 5.47 (s, hydroquinone ring, 4H). Anal. Calcd
for C43011H36P2Rh85: C, 52.56; H, 3.69. Found: C, 53.08; H,
3.63.

[(178-1,4-Hydroquinone)bis(triphenyl  phosphite)Rh]PRO,
(1*OPf~). The same procedure was followed using AgRiStead
of AgSbF. Before recrystallization, the complex hadgPRs the
counteranion. Anal. Calcd for&0gH36PsRhFs: C, 51.55; H, 3.71.
Found: C, 52.04; H, 3.69. During recrystallization from methylene
chloride, however, hydrolysis of the anion to B (OPf)
occurred to afford "OPf~ in a 66% isolated yieldtH NMR (CD,-
Cly): 6 9.59 (br s, OH, 2H), 7.37(] = 8.0 Hz, OPh, 12H), 7.20
(t, J= 7.9 Hz, OPh, 6H), 6.98 (dl = 8.0 Hz, OPh, 12H), 5.50 (s,
hydroquinone ring, 4H). Anal. Calcd for s@;0H3sPsRhF>: C,
53.98; H, 3.88. Found: C, 53.50; H, 3.73.

[(n®-Resorcinol)bis(triphenyl phosphite)Rh]BF, (2*BF, ). The
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[(%#5-1,4-Hydroquinone)bis(triphenyl phosphite)Rh]BF;-
(1*BF47). The synthesis and characterization of this compound is
reported in ref 12.

[(%#5-1,4-Hydroquinone)bis(triphenyl  phosphite)Rh]CIO,-
(1tClO4"). The same procedure was followed using AgQi@tead
of AgSbR;. The isolated yield was 79%. CrystalsfCIO,~ were
grown by layering a methylene chloride solution with hexane and
cooling in a refrigerator for 4 day$H NMR (CD,Cl,): 6 7.37(t,

J= 7.9 Hz, OPh, 12H), 7.25 (] = 7.8 Hz, OPh, 6H), 7.01 (d]

= 7.8 Hz, OPh, 12H), 6.96 (br s, OH, 2H), 5.67 (s, hydroquinone
ring, 4H). Anal. Calcd for G;0O,,H3sP,RhCI: C, 54.07; H, 3.89.
Found: C, 54.08; H, 4.01.

Single-Crystal X-ray Structure. X-ray data collection was
carried out using a Bruker single-crystal diffractometer equipped

synthesis and characterization of this compound are reported in refwith an APEX CCD area detector and controlled by SMART

12.
[Rh(#®-4,4-Biphenol)bis(triphenyl phosphite)]BF; (3"BF47).

version 5.0 software. Collection was done at either 100 or 293 K.
Data reduction was performed with SAINT version 6.0 software.

The same procedure was followed using 4,4-biphenol instead of The structures were generally determined by direct methods and

hydroquinone. The isolated yield was 87%. Crystal3'd&F,~ were
grown by layering a methylene chloride solution with hexane and

refined onF2 by use of programs in SHELXTL version 5.0. Most
hydrogen atoms appeared in a difference map, or they were

cooling in a refrigerator for 3 days. Orange crystals formed on the generally inserted in ideal positions, riding on the atoms to which

wall of the vial.'H NMR (CD,Cl,): 6 8.39 (br s, OH, 1H), 7.26 (t,

J = 7.5 Hz, OPh, 12H), 7.22 (] = 7.5 Hz, OPh, 6H), 6.90 (1

= 7.6 Hz, OPh, 6H), 6.83 (d] = 8.9 Hz, biphenol, 2H), 6.75(d,
J=6.75 Hz, biphenol, 2H), 6.00 (br s, OH, 1H), 5.92 (s, biphenol,
4H). Anal. Calcd for GgOgH4P.RhBF;: C, 57.86; H, 4.05.
Found: C, 57.74; H, 3.91.

[(178-1,4-Hydroquinone)bis(triphenyl  phosphite)Rh]OTs-
(17OTs"). The same procedure was followed using silver tosylate
instead of AgSbE The isolated yield was 95%. CrystalsigfOTs™
were grown by layering a methylene chloride solution with hexane
and cooling in a refrigerator for 3 day$d NMR (CD,Cl,): 6 7.38
(d,J=7.5Hz, OTs, 2H), 7.27 (] = 7.8 Hz, OPh, 12H), 7.25 (d,
J=7.5Hz, OTs, 2H), 7.15 (§ = 7.6 Hz, OPh, 6H), 6.95 (d] =
7.8 Hz, OPh, 12H), 6.69 (br s, OH, 2H), 5.55 (s, hydroquinone
ring, 4H), 2.39 (s, OTs methyl, 3H). Anal. Calcd fogdO;1H43P--
RhS: C, 54.81; H, 3.94. Found: C, 54.66; H, 3.86.

they are attached.
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