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Abstract: The existence of a dihydrogen bond (S—H---H—B) and its combination with a C—H---S hydrogen
bond in an unusual cooperative effect are demonstrated from a combination of experimental and theoretical
methods. This cooperative effect seems to be responsible for self-assembly of mercaptane—metallacar-
borane complexes such as closo-[3-Ru(78-CeHg)-8-HS-1,2-C,BgH10] (1) and closo-[3-Co(15-CsHs)-8-HS-
1,2-C,BgH10] (3), which present identical supramolecular two-dimensional polymeric networks. The findings,
besides documenting structurally the first S—H--«(H—B), dihydrogen bond and the unconventional
cooperative ability of a boron-attached SH group, prove that substituted carboranes have the potential to
serve as building blocks for assembling complex structures.

Introduction Waals radii (2.4 A) and typically between 1.8 and 2.3 A.
Whereas X-H---H angles tend to be close to linear, those for
H---H—M are close to bent; the directionality of weak hydrogen
bonds is, however, much softer than that of conventional
hydrogen bond$.The most usual hydrogen donors are the NH
and OH groups, whereas a DHB with a SH group acting as
hydrogen donor has not yet been characterized.
Carbon-containing polyhedral boranes, the carboranes, are
extremely stable cage molecules that have been known for over

{\:la’m\;vizgaem)ét;? oarl t}gf(;za;tg:ﬁcggzigﬁgﬁe ;tgr: 2?;|0Mr: h?c 30 years. Carborane-containing organic functional groups have
Y Y grap applications in a number of diverse fields such as materials

data show that the contact distance between the two interacting .
science, boron carriers for boron neutron capture therapy, agents
hydrogens is substantially shorter than the sum of their van der P Py ag

for the extraction of metal ions, ligands for metals, and more
recently supramolecular chemisfy.The three-dimensional

The dihydrogen borié? (DHB) is possibly the most astonish-
ing unconventional hydrogen boddecause of the opposing
nature presented by the two hydrogen atoms facing each other
It has been demostrated to be able to influence structure,
reactivity, and selectivity in solution and the solid sthtaus
finding potential utility in catalysisand crystal engineering and
materials chemistry DHBs are usually described as=Xl---H—

TInstitut de Ciecia de Materials de Barcelona (CSIC).

* Universitat Autmoma de Barcelona. nature of icosahedral carboraclesoC,B10H1, cages has been
1§ USnIVE‘erIty of S?Uthamgtogl- & He Sieabahn. P E. M. Ei o shown to give them great potential as building blocks in
ee, for example: (a) Crabtree, R. H.; Siegbahn, P. E. M.; Eisenstein, O.; :

@) Rheingold, A'pL.; }(@)etzla T FAcc. Che?n. Res1996 29, 348. (b) supramolecular systenisCarborane supramolecular chemistry

Crabtree, R. HSciencel998 282, 2000. (c) Klooster, W. T.; Koetzle, T.
F.; M. Siegbahn, P. E.; Richardson, T. B.; Crabtree, RJHAm. Chem. (6) Some references to the vast literature involving carborane applications other
Soc.1999 121, 6337. (d) Custelcean, R.; Jackson, JABgew. Chem., than supramolecular chemistry: (a) Grimes, R.Q%iem. Re. 1992 92,
Int. Ed.1999 38, 1661 and references therein. (e) Custelcean, R.; Jackson, 251. (b) Plesek, hem. Re. 1992 92, 269. (c) Saxena, A. K.; Hosmane,
J. E.Chem. Re. 2001, 101, 1963. (f) Epstein, L. M.; Shubina, E. Soord. N. S.Chem. Re. 1993 93, 1081. (d) Grimes, R. N. lI€omprehensie
Chem. Re. 2002 231, 165. (g) Belkova, N. V.; Shubina, E. S.; Epstein, Organometallic Chemistry I Stone, F. G. A., Wilkinson, G., Eds.;
L. M. Acc. Chem. Ref005 38, 624. Pergamon: Oxford, 1995; Vol. 1, p 373. (e) Soloway, A. H.; Tjarks, W.;
(2) For a theoretical approach see, for example: (a) Alkorta, I.; Rozas, |.; Barnum, B. A.; Rong, F.-G.; Barth, R. F.; Codogni, I. M.; Wilson, J. G.
Elguero, J.Chem. Soc. Re 1998 27, 163. (b) Calhorda, M. JChem. Chem. Re. 1998 98, 1515. (f) Teixidor, F.; Viias, C.; Demonceau, A.;
Commun200Q 801. (c) Bakhmutov, V. IEur. J. Inorg. Chem2005 245. Kivekas, R.; Sillanpa, R.; Nurez, R. InBoron Chemistry at the beginin
(3) (a) Desiraju, G. R.; Steiner, Tthe Weak Hydrogen Bond in Structural of the 21th centuryBubnov, Y. N., Bregadze, V-I., Chizhevsky, I. T.,
Chemistry and BiologyOxford University Press: Oxford, 2001. (b) Steiner, Kalinin, V. N., Leites, L. A., Geyderikh, A. V., Eds.; Editorial URSS:
T. Angew. Chem., Int. EQ002 41, 48. (c) Desiraju, G. RAcc. Chem. Moscow, 2002; p 168. (g) Xie, ZAcc. Chem. Re€003 36, 1. (g) Krossing,
Res.2002 35, 565. (d) Jetti, R. K. R.; Boese, R.; Thakur, T. S.; Vangala, I.; Raabe, LAngew. Chem., Int. EQ004 43, 2066.
V. R.; Desiraju, G. RChem. Commur2004 2526. (7) Lead reviews with respect to the supramolecular chemistry of icosahedral
(4) See for example: (a) Clapham, S. E.; Hadzovic, A.; Morris, RCbbrd. carboranes: (a) Hawthorne, M. F.; Zheng,Atc. Chem. Red.997 30,
Chem. Re. 2004 248 2201. (b) Bullock, R. MChem. Eur. J2004 10, 267. (b) Andrews, P. C.; Hardie, M. J.; Raston, CQaord. Chem. Re
2366. 1999 189 169. (c) Hardie, M. J.; Raston, C. Chem. Communl999
(5) (a) Desiraju, G. RCrystal Engineering. The Design of Organic Solids 1153. (d) Andrews, P. C.; Raston, C.L.Organomet. Chen200Q 600,
Elsevier Science Publishers B.V.: Amsterdam, 1989. (b) Custelcean, R.; 174. (e) Fox, M. A.; Hughes, A. KCoord. Chem. Re 2004 248 457
Vlassa, M.; Jackson, J. EEhem. Eur. J2002 302. and references therein.
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Figure 1. Top: A crystal packing diagram of the X-ray structure Jof
showing the planar two-dimensional sheet structure along a perspective
between the crystallograph&candc axes. Bottom: Crystal packing df
along the crystallographicaxis showing the 2D network and directionality.
Atom colors: B (pink), C and H (gray), Ru (blue), S (yellow).

is mainly directed by the carboranes’ acidic-€H (Cc = cage
carbon) vertexes as proton donors of the type-8---X with
classical (X= O, N, S, F, Cl, Br, 1J? and weak nonclassical
(X = alkynes, arene8}° proton acceptors.

As part of our ongoing research on icosahedral metallacar-
borane chemistry, we previously communicated the formation
and X-ray crystal structure of the first mercaptamethenac-
arborane complexgclose[3-Ru(;8-CeHeg)-8-HS-1,2-GBgH1]

D

Figure 2. Drawing for the trimer structure repeated in the 2D network of
1 showing the unconventional cooperative hydrogen/bifurcated dihydrogen
bond chain €—H-:-S—H---(H—B)> (numbering shown in parentheses).
Black dots represent cage carbon atome){(@nd the rest of the vertexes
are B-H, except those having the SH group.

Experimental Section

General ProceduresIn our analysis of the structural data we have
normalized all G-H bonds to a distance of 1.08%And S-H bonds
to 1.388 Al2 As for the boron cage compounds we have chosen to
normalize all cage BH bonds to a distance of 1.1913Cambridge
Structural Database searches for nonbonded contacts were carried out
using the program ConQuest (version 1%7Jhe search criteria (CSD
dated February 2005) were error- and disorder-free structures (organic
and organometallic) only witR factors less than 0.1 (H normalized).
Normalized structures were retrieved from the Cambridge Structural
Database as mol2 files and analyzed using Mercury (version‘a.4).
Complex3 was prepared as previously reportéd.

Theoretical Calculations. Calculations were performed using the
GAUSSIANO3® series of programs. The density functional theory was
used with the BHandH functional, which combines a gradient-

corrected correlation functional with an exchange functional formed

make this particular “boron-attached” SH group an extremely from equal parts of the HartreeFoc_k _anq its gradlent-correc_ted
exchange terms. All geometry optimizations were made without

We"?"‘_ hydr_ogep bond donérand co_nsgquently, we did not restrictions. Effective core potentials and their associated ddlible-
gnnupqte its involvement in .any significant hydrogen bond LANL2DZ basis set were used for ruthenium and sulfur atéf#sn
interaction. However, the solid-state structurelofeveals & eytra series of d-polarization functions were also added for S
surprising supramolecular architecture in which the SH group (experimental, 0.503) atom&The 6-31G basis set was used for C, B,
participates in a €H---S—H---(H—B), cooperative hydrogen/  and H atoms. For the interaction energy analysis an augmented basis
bifurcated DHB interaction (Figures 1 and 2). Here we describe set, 6-31%+G(3df,3pf), was used for all the atoms directly involved
the first structural characterization and accurate DFT calculationsin the cooperative hydrogen/bifurcated DHB interaction (S, H, B, and
of a new dihydrogen bond (&H-:+H—B) and its combination C); basis set superposition errors (BSSEs) were corrected by means of

with a C—H-+-S hydrogen bond interaction in a unprecedented the counterpoise method as implemented in Gaugiaharge analysis

cooperative effect. This unconventional cooperative effect seems!Vas Made using natural population analg&ihe topological properties
of the electron density were investigated using the XAIM 1.0 progfam.

(1).11 The low acidity of the thiol group irl is expected to

to be responsible for the self-assemblylLafito a supramolecular
two-dimensional polymeric network and allowed us to anticipate
the solid structure of the related cobaltocarborane conghtesc
[3-C0(775-C5H5)-8-HS-1,2-QBQH10] (3)

(8) Grimes, R. NAngew. Chem., Int. Ed. Endl993 32, 1289.

(9) See, for example: (a) Gerun, L.; Custelcean, Rnorg. Chem1999 38,
4916. (b) Hardie, M. J.; Godfrey, P. D.; Raston, Chem. Eur. J1999

5, 1828. (c) Lee, H.; Knobler, C. B.; Hawthorne, M. Ehem. Commun.
200Q 2485 and references therein. (e) Bafbd&sa Vifas, C.; Teixidor,
F.; Rosair, G. M.; Welch, A. 1. Chem. Soc., Dalton Tran2002 3647
and references therein.

See, for example: (a) Jiang, W.; Harwell, D. E.; Mortimer, M. D.; Knobler,
C. B.; Hawthorne, M. FInorg. Chem.1996 35, 1996. (b) Hardie, M. J.;
Raston, C. L.Eur. J. Inorg. Chem1999 195 5; CrystEngComn2001,
39, 1. (c) Nishio, M.Encyclopedia of Supramolecular Chemistiarcel
Dekker: New York, 2004; p 1576.

Planas, J. G.; Vas, C.; Teixidor, F.; Hursthouse, M. B.; Light, M. E.
Dalton Trans.2004 2059.

(10)

(11)

X-ray Structure for 3. Orange slabs 08 were obtained by slow
evaporation of an acetone solution under air at room temperature. Cell

(12) Takusagawa, F.; Koetzle, T. F.; Kou, W. W. H.; ParthasarathyAdta

Crystallogr., Sect. 987, 37, 1591.

(13) Bruno, I. J.; Cole, J. C.; Edgington, P. R.; Kessler, M.; Macrae, C. F;

McCabe, P.; Pearson, J.; Taylor, Reta Crystallogr.2002 B58 389.

Plesek, J.; Herfhmek, S.Collect. Czech. Chem. Commur@78 43, 1325.

Pople, J. A.; et al. Gaussian 03, Revision C.02, Wallingford, CT, 2004.

Becke, A. D.Phys. Re. 1988 A38, 3098.

Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,

V.; Kéhler, K. F.; Stegman, R.; Veldkamp, A.; Frenking, Ghem. Phys.

Lett. 1993 208 237.

(19) Simon, S.; Duran, M.; Dannenberg, JJ.JChem. Physl996 105 11024.

(20) (a) Reed, A. E.; Weinhold, B. Chem. Phys1983 78, 4066-4073. (b)
Reed, A. E.; Weinstock, R. B.; Weinhold, B. Chem. Phys1985 83,
735-746.

(21) This program was developed by J@slos Ortiz and Carles Bo, Universitat
Rovira i Virgili, Tarragona, Catalonia, Spain.

)
)
)
)
)
)
)
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Figure 3. (a) An X-ray diagram for a trimer of the ruthenium compléxhowing a perspective along the diagonal betweerathad c axes (top) and
viewed along the axis (bottom, showing relevant atom labeling). (b) A diagram for a DFT-calculated trinteviefved as in (a). Atom colors: B (pink),
C and H (gray), Ru (blue), S (yellow).

- : - Table 1. Experimental and Calculated (in Parentheses) Values for
parameters and intensity data were collected on a Bruker Nonius KappaSelected Distances (A) and Angles (deg) of 1 Related to DHB

CCD diffractometer mounted at the window of a molybdenum rotating  complexes
anode following standard procedures. The structure was solved by direct B T B xen mns —_—
methods and refined using full matrix least squares with shet®fe entry T S TS molecues

structure contains a pseudo center of inversion, but refinement in the 1 S—Hor=*Haa—Bs 2 3.719 a a B/C
higher symmetry space grotg2,/m was unsuccessful (R& 20.0); (2.246) (4.006) (126.76) (103.21)

: g . 2 S—Hor+Hsa—Bs 2 4044 2 a B/C
the structure was refined as a racemic twin, BASB.46. The aromatic (2.230) (4.064) (140.49) (102.59)
an_d carb_or_ane hydrogens _were placed in idealiz_ed pos[tiorys and refined 5 Ca—Hz-*Ho—Bg? 2:152 3:871 135:14 132:10 AIC
using a riding model; the distances were normalized as indicated above. (2.399) (3.657) (111.06) (106.10)
The distance of the-SH bond was restrained to the calculated value, 4 Gs—Hs*Hsa—Bs® 2.195 3.948 165.65 114.49 B/C
and the angle and torsion were refined. (2.027) (3.902) (160.04) (134.32)

. — 5 GCg—Hg*Hi>—Bi? 2261 3.871 121.36 118.42 C/B
Crystal data for3: C;Hi1sBoCo0S, M, 288.48, orange slab, (2.012) (3.829) (129.49) (155.55)

monoclinic,P2;, a = 7.8092(12) Ab = 10.3674(6) A, = 15.709(3) 6 CoHgHu-Bib 2272 4025 13054 12750 CIA
A, ﬁ = 90967(12’, Z= 4, 120(2) K, finalR indices FZ > 20’(F2)] (2164) (3566) (11072) (11050)
R1=0.0425 and wR2= 0.0966. Further details for the crystal structure 7  Cs—Hg+*Hsp—Bs? 2.323 3.940 161.67 108.72 AIC
of 3 may be obtained from the Cambridge Crystallographic Data Centre (2.609) (3.963) (170.05) (94.54)

(CCDC; 12 Union Rd., Cambridge CB2 1EZ, U.K.; fax44) 1223-

336-033: e-mail deposit@ccdc.cam.ac.uk) on quoting the depository . ° See the text for detail$.All CH donors correspond to the benzene
number 262664. posit@ ) 4 9 P Y fragment.c See Figures 2 and 3 for labeling of the molecules in the trimer.

Resuilts and Discussion Table 2. Calculated (in Parentheses) and/or Experimental Values
i _ for Selected Distances and Angles of 1 and 3 Related to
In the solid-state structure, molecules dfform a two Hydrogen Bond Interactions

dimensional polymeric network in which all SH groups point

in the same direction as shown in Figure 1. The trimer of ™ cots FR DR 6dey  moleculest
molecules shown in Figures 2 and 3 is the repeated unit in this 1 Ce—HzS:° (g'gég) (g-gig) égé-gg) A/B
_two-d|m_enS|onaI polymeric network. The complexes are all Cop—Hy-+ S, 2872 3614 12573 c/B
interacting through a large number of close intermolecular (3.632) (4.146) (111.11)
contacts, with the SH group being particularly involved. The 3 CClOY_HloT"S.I.Olg 2.652 3514  136.14

analysis of these interactions was carried out by means of CCog—Haog S0t 2597 3656  165.67
theoretlcal calculations ar.1d solid-state infrared spectra. The 2 Interatomic H-S distances? Interatomic @S distances: See Fig-
trimer structure repeated in the crystal 2D networklofvas ures 2 and 3 for labeling of the molecules in the trinfe8ee Figure 6 for

fully optimized using DFT methods. The optimized minimum labeling.

proved to be the structure shown in Figure 3 and provides a and 2 show selected interatomic distances for the trimer structure
reasonable reproduction of the experimental results. Tables 1of 1. Calculated intermolecular distances among relevant heavy
atoms in the trimer (those closely related to the studied

(22) SHELX97, Programs for Crystal Structure Analysis (Release 97-2): interactions S#-B5 (4.064 A), S1--B4 (4.006 A), C2--S1

Sheldrick, G. M., Institt flir Anorganische Chemie der Univergijta R .
Tammanstrasse 4, D-3400 togen, Germany, 1998. (3.646 A), and C2-B4 (4.254 A); see Figures 2 and 3) are in
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(

very good agreement with the X-ray distances 4.044, 3.719,
3.617, and 4.346 A, respectively. The major discrepancy
observed in the S1:B4 interatomic distance (0.287 A) is due

to a slight tilt of molecules in the gas-phase trimer as can be
seen in Figure 3b; packing effects in the solid state probably
prevent the small tilting observed in gas-phase calculations. To
date, most of the computational studies on the properties of
DHBs refer to isolated models (i.e., in the gas phase) which in
general closely resemble the crystal structures. We have
therefore carried out the present computational studies on a
trimer of 1 in the gas phase. The absence of “other molecules”
apart from those of the trimer in the calculations is certainly
reflected in the minima obtained that show a slight tilt of the
molecules. It is however important to realize that calculated
intermolecular distances in the closest region to the three
molecules in the trimer (around the SH group) are reproduced
to within 0.1-0.3 A and angles within 624°, which we
consider a reasonable agreement taking into account the
complexity of our system. Although the position of the H atom  Figure 4. Contour plot of the electron density for the bifurcateeh$-+(H—

in the SH group was tentatively located on a difference electron B). dihydrogen bond in the plane containing the H atoms involved in the
density map, its position could not be unequivocally refided. interaction. Bond critical points are depicted by squares, the ring critical
Nevertheless, its position within the optimized trimer structure point is depicted by a triangle, and hydrogens are depicted by circles.
and in the isolated monomer) gives values similar to those . . : )
E)btained by neutron diffractio)n gon a related structure. The \I/CerrneOIi?jZl:llgf?e((ﬂgﬂr) ;TS&TLWO_%O ngn(gltgfhpqlﬂﬁ (b_cg S)
computed S-H distance and BS—H angle are 1.351 A and or A ol oA S

98.4, respectively, whereas the neutron diffraction values for are 0.010 au for both, whereas the Laplacians of the charge

a C-S—H group are 1.338 A and 96.9respectively* densityV2o(r) are positive with values of 0.032 for both. These

Interestingly, short H+-H contacts were qbserved between yalues forp(r) and V2p(r) are within the common accepted
the SH of a metallacarborane and two hydrides on boron from yajyes for DHB interacion328 In addition, a ring critical point

an adjacent molecule, forming a bifurcated DHB (molecules B for the (S)Hoi—Haa—Ba—Bs—Hsa—Hox(S1) ring was also

and C in Figures 2 and 3). The calculated-H contact identified, with values fop(r) and V2p(r) of 0.008 and 0.030
distances (entries 1 and 2, Table 1) are shorter than 2.4 A, anday, respectively. This analysis further supports the existence of
they are qualified as dihydrogen boridshe S-H---H interac- 3 pifurcated DHB® between the SH group and two HB groups
tions deviate from linear due to interaction of the SH with two of the adjacent metallacarborane. ThUS, our findings prove to
hydride atoms from the boron cage, and the-H—B angles be the first SH--HB DHB and bifurcated SH-(HB), DHB
averaging around 100are typical for dihydrogen-bonded interactions ever reported in the solid state. This5--H—B
complexes. Distances and donor angles are consistent with othefnteraction is a rare motif: Examination of the Cambridge
bifurcated DHBs formed between amines or phenol and boron Stryctural Database reveals only one example of boron cluster
hydrides!®25The weak nature of this-SH---H—B interaction intermolecular S-H-+-H—B interactions for [(CH)sNH]2[B 10Ho-

is probably the reason for the-+H interactions being at the  SH] with an H--H distance of 2.325 A (SH---H = 141.52

upper limit of the accepted distance values for DHB interactions. and H--H—B = 126.66). Even though all hydrogen atoms of
DFT calculations have demonstrated that-H distances in the anion were |ocated’ no mention was made of this short

DHBs depend on the strength of the XH proton doKdt.has contact in the original papéf. In addition to the above-

also been determined experimentally that, e.g., a weak CH donormentioned AIM analysis of our molecule, experimental inter-
forms weaker DHBs with MH acceptors (DHB distances=M  atomic distances between heavy atoms S1 (molecule B) and
Ru (2.1 A), Os (2.2 A)) than the stronger NH donor (1.7 Afor  B4A and BSA (molecule C) are slighty shorter than the
both Ru and Os}° The existence of the-SH--*H—B interac- calculated ones (vide supra), further supporting the AIM
tions in1 has been further confirmed by means of Bader's atoms analysis. Moreover, charge analysis also supports the presence
of a bifurcated S H---(H—B), DHB. Atomic charges of the
(23) The refinement would not completely converge due to a small oscillation jsolated monomer and the trimer are listed in Table 3. A
about the mean position/value of a small number of parameters, mainly L . .
the SH hydrogen. The rest of the H atoms were calculated as previously N€cessary criterion for the formation of hydrogen bonds is the

described? H atoms can normally be independently located by reference |gss of the charge of the H atoms involvéds shown in Table
to the heavy atom positions, making the error in H positions less

(Figure 4). The electronic charge densitigs) at these bcp’s

problematic. This is the case with the H position for BH and Ctliiso 3, this trend is clearly observed in all H atoms involved in the
boron cages. i .. ; it

(24) Takusagawa, F.; Koetzle, T. F.; Kou, W. W. H.; Parthasarathyjdza bifurcated SH (HB)Z_ DHB (entries 4, 6, and 8): Positive
Crystallogr., Sect. (1987, 37, 1591. (though small) atomic charges for the H atoms in both BH

(25) (a) Patwari, G. N.; Ebata, T.; Mikami, N. Phys. Chem. £2001, 105
10753;Chem. Phys2002 283 193. (b) Fujii, A.; Patwari, G. N.; Ebata,
T.; Mikami, N. Int. J. Mass Spectron2002 220, 289. (c) Shubina, E. S.;
Bakhmutova, E. V.; Filin, A. M.; Sivaev, |. B.; Teplitskaya, L. N; (27) Bader, R. F. WAtoms in Molecules. A Quantum ThepBxford University

groups might drive the reader to the wrong conclusion that

Chistyakov, A. L.; Stankevich, I. V.; Bakhmutov, V. |.; Bregadze, V. |.; Press: New York, 1990.
Epstein, L. M.J. Organomet. Chen2002 657, 155. (28) Rozas, I.; Alkorta, I.; Elguero, J. Phys. Chem. A998 102 9925.

(26) Abdur-Rashid, K.; Gusev, D. G.; Lough, A. J.; Morris, R. Btganome- (29) FIMMOD: Nakai, H.; Komura, M.; Shiro, MActa Crystallogr., Sect. C
tallics 200Q 19, 834. 1987, 53, 1420.
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Table 3. Atomic Charges (NPA) for the Isolated Monomer and

Trimer of 1
trimer monomer
entry atom charge? charge® Acharges®
1 Cc; —0.562 —0.568 0.006
2 H2 0.356 0.358 —0.002
3 S1 —0.149 —0.176 0.027
4 HO1 0.135 0.164 —0.029
5 B4 —0.055 —0.031 —0.024
6 H4A 0.063 0.081 —0.018
7 B5 —0.070 —0.045 —0.025
8 H5A 0.067 0.101 —0.034

a Atomic charges in the trimer structureAtomic charge for the
equivalent atoms in the monomer structurBifference between trimer and
monomer atomic charges.

DHBs will not form because of the positive charge. An

explanation lies in the large negative charges carried by the
boron atoms, compared to the small charge carried by the
hydrogens. To take advantage of the charge distribution, the H respectively. Experimental interatomic distances are slightly

atom of SH points toward the-BH bond rather than toward H shorter than calculated ones, further supporting the AIM analysis
analogously to that found in aminoboraras. of hydrogen bond interactions. Consistently, a loss of calculated

In addition to the previous S+(HB); DHB interaction in ~ charge is also observed for the H atom involved in this
compoundl, the SH group is also involved in another classical conventional hydrogen interaction (Table 3, entry 2).
C—H--S hydrogen bond interaction. The observesg-GH,++-S; Regarding other nonconventional interactions, five
distance of 2.628 A is substantially shorter than the 3.0 A C—H"H—B contacts (2.1522.323 A, Table 1) are also found
distance corresponding to the sum of the van der Waals radii2@mong molecules in the trimer df Here it is interesting to
of hydrogen and sulfur atoms (Table 2, entry 1), and the near- make a comparison with the related neutral ruthenacarborane
linear Gc—H-++S angle (151.49 qualifies it to be a hydrogen ~ ComPplex2. In the absence of the SH group only-&---H—-B
bond (between units A and B in Figures 2 and8) Another interactions (six contacts, 2.222.251 A) are observed in the
longer and nondirectional contact is also seen in the structureSolid-state structure fo2.3* More importantly, the absence of
(between molecules B and C)¢C-Hy++S; (2.872 A, 125.73 directionality in the solid-state structure 8fcompared tol
so that it is probably less attractive and consequently contributes(Figuré 5) suggests that there is a relation between the
less to the crystal packing effect8? Experimental evidence directionality found in the network dfand_the SH_group being
for the presence of these bonding interactions in the solid statePreSent. Thus, although the-@i-:-H—B interactions should
is obtained from the solid-state infrared spectralofrhe IR contribute in some measure to the overall crystal stabilization
spectrum ofl in KBr exhibits two stretching frequencies for 1N 1 interactions involving the SH group seem to play a more

carborane €~H (3074 and 3047 crl), whereas only one  Important role in its self-assembly. S .
Cc—H band is observed experimentally fotoso[3-Ru(;®- The above hydrogen/bifurcated DHB description is consistent

CeHo)-1,2-GBgHi1] (2) (3073 cn?), which is the result of ~ With the SH group acting simultaneously as donor and acceptor
substituting the SH group ih by a H atom?! For 1, only one in anunconventional cooperatie effecof the type €—H--+S—

of the @—H stretching modes is significantly shifted to lower H***(H=B)2 in 1 (Figure 2). The SH group is acting as a
frequency in comparison with that & This observation of ~ hydrogen acceptor from thec€H bond through the sulfur
two stretching modes ih and the shift to lower frequen&y?? atom?* making the S-H bond more polar. As a consequence,
of only one is consistent with the solid-state structure and the the SH group becomes a better donor than in the absence of a
conclusion that only one of thedBl groups of the carborane is Cc—H---S m_teractlon. More importantly is that the acceptors
involved in hydrogen bonding as a proton donor or bot#{C of the_polarlzed SH hydrogen are two hydrogen atoms from
groups form hydrogen bonds of different strengths. Therefore, WO different H-B bonds (therefore the “unconventional

it is straighforward to suggest that the stretching band shifted co0Perative effect’). The effect can also be regarded as a flow
to lower frequency corresponds to the strongest hydrogen ©f charges from the €-H bond to two H-B bonds through
interaction, @—Hy*+S;, in 1.3% Bader analysis on the - the S-H bond. Calculated charges show that the residual
H,+++S; interaction also indicates the existence of a hydrogen charges on hydrogens decrease in the oraeftC> S—H >

bond by the presence of a bond critical point within the bond B—H (Table 3, entries 2, 4, 6, and 8) and are fully consistent
path with values foro(r) and V2p(r) of 0.009 and 0.029 au, with the observed cooperative effect. Consequently, this new
unconventional cooperative effect exerted by the SH group

Figure 5. Left: Crystal packing ofl along theb axis. Right: Crystal
packing of2 along thec axis.

(30) (a) Van den Berg, J.-A.; Seddon, K. Bryst. Growth Des2003 3, 643. seems to favor the construction of two-dimensional supramo-
(b) Mothu, S.; Vittal, JCryst. Growth Des2004 4, 1181. (c) Mehta, G.; _
Gagliardini, V.; Schaefer, C.; Gleiter, Rrg. Lett.2004 6, 1617. leCUIar_ networ_ks of self-assembled neuttal

(31) (a) Hanusa, T. P.; Huffman, J. C.; Todd, LPalyhedron1982 1, 77. (b) The interaction energy among the three molecules after BSSE

Garcia, M. P.; Green, M.; Stone, F. G. A.; Somerville, R. G.; Welch, A. 1 e P
3 Briant, C.'E.- Cox, D. N.. Mingos. D. M. Rl. Chern. So¢., Dalton correction is—27.2 kcal/mol. This energy accounts for all the

Trans.1985 2343.

(32) Leites, L. A.Chem. Re. 1992 92, 279. (34) See the Supporting Information.

(33) The S-H stretch appears at the same frequency as that fdd B2596— (35) This boron-attached S atom is probably a better acceptor than a related
2511 cnrl, vs br) in the solid-state infrared spectrumlgfpreventing its carbon-attached one as reflected by the much lower acidity of-8HB
analysis. thiol in comparison with a related-€SH thiol 14
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Figure 6. Molecular structure (thermal ellipsoids set at 35% probability)
showing both independent molecules3f

Figure 7. Top: A crystal packing diagram of the X-ray structure of a
molecule of3 showing the planar two-dimensional sheet structure along a
perspective between the crystallographiand c axes. Bottom: Crystal
packing of3 along the crystallographicaxis showing the 2D network and
directionality. Atom colors: B (pink), C and H (gray), Co (deep pink), S
(yellow).

Both molecules 08 show conventional €-H---S hydrogen

interactions among the three molecules (vide supra). To estimatebond interactions, structurally very similar to that found in the
the energy corresponding to the hydrogen/bifurcated DHB mercaptaruthenacarborane comple§Table 2). Although the
interaction, an additional set of calculations were performed. positions of H atoms in the SH groups were tentatively located
Hence, the interaction energy of an analogous trimer where thein a difference electron density map, their positions could not
SH group involved in the cooperative effect is substituted by a be unequivocally refined. In any case, interatomic S+&P11

H (i.e., S—Hoz of molecule B was suppressed, Figure 2) was and S101:-B202 distances of 3.804 and 3.928 A, respectively,

also evaluate@ The interaction energy after BSSE correction
for this new system is-25.8 kcal/mol. Thus, assuming that the

for one molecule in the unit cell or S20:B109 and S202-B104
distances of 3.487 and 3.806 A for the other one are in

energy difference between the two systems is due to the agreement with those for the related ruthenacarborane complex
interactions where the SH is involved, the hydrogen/bifurcated 1 (entries 1 and 2, Table 1) and suggest the existence of

DHB interactions can be estimated at 1.4 kcal/mol.

bifurcated DHBs of the type-SH---(H—B), analogous to that

Another icosahedral mercaptacobaltacarborane analogous tgound in 1.

1, namely, 3, has been previously synthesized but only
characterized by elemental analysis and NMI&Given that3,

Conclusions
The combined evidence from experimental and theoretical

on the basis of spectrocopic characterization, has nearly the same, | jies demonstrates the first example of a new DHB (S

shape ad—especially with respect to the importantk; SH,
and BH groups-we predicted that its crystal structure would
contain the same two-dimensional polymeric network as%.in
More importantly, the IR spectrum f@&shows, like in the case
of 1, the presence of two streching frequencies for batk i@
bonds at 3107 and 3044 ch supporting the existence of a
cooperative effect analogous to thatoin an effort to confirm
our prediction, we have now crystallized compl&xand
determined its structure by X-ray difraction (Figure 6). The

H---H—B) and its combination with a €H---S hydrogen bond

in a cooperative effect of the typecEH---S—H---(H—B), in
crystalline 1. The energy for this hydrogen/bifurcated DHB
interaction is estimated at 1.4 kcal/mol. This unconventional
cooperative effect, which seems to be responsible for self-
assembly of mercaptane compléxallowed us to predict the
crystal packing of a related mercaptarmbaltacarborane
compound. In both complexes, the observed 2D supramolecular
networks would be difficult to rationalize without considering

asymmetric unit cor_ltains_two independent molecules rel_ated_ bYhe cooperative effect through the boron-attached SH group.
a pseudo center of inversion. Figure 6 shows a perspective view,p o findings, besides documenting structurally the first

and the atom labeling of both molecules. Mercaptacobaltocar- S—H--«(H-B),

borane3 has a molecular geometry comparable with that,of
and more importantly, its packing motif is identical to thatlof
as shown in Figure 7.

(36) These are single-point calculations taking the optimized geometry for the

trimer complex.

dihydrogen bond and the unconventional co-
operative ability of a boron-attached SH group, prove that
substituted carboranes have the potential to serve as building
blocks for assembling complex structures.
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