9766 J. Am. Chem. S0d.999,121,9766-9767

Polar Assembly of N,N’-Bis(4-substituted existing guidelines for the systematic design of polar organization
benzyl)sulfamides in solid-state structures.

Recently, we reported a robust 2D hydrogen-bonded sulfamide
sheet that leads to the formation of either layered or 3D-networked
structures$.Our results clearly established the 2D sulfamide layer
] o as a reliable supramolecular synthon for designing 3D solid-state
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Presently there is an intense interest in manipulating solid- J@/\ﬁ ﬁ/\©\
state properties through systematic alteration of the structures of X X
constituent moleculesSignificant progress has been made in the la:X=H  1b:X=OCH; 1c:X=F 1d: X=Cl

design and synthesis of supramolecular motifs with particular
geometric features, i.e., secondary structures. These secondary
structures include one-dimensional chains, tapes, and cotumns )
and various two-dimensional (2D) networs:> However, little 2D molecular layers that further assemble into layered 3D polar
is known about the assembly of these secondary structures intoCrYStals. , ,
tertiary (or complete) patterns. The only three-dimensional (3D) Among the six sulfamides we reported recefityye compound
motifs known are the diamondoid networks formed from the Ccontaining stereocenters packed, as expected, into a noncentro-
tetrahedron-centered hydrogen-bonding topoto@ne area of ~ SYMmMetric space groujp’gy). Interestingly N,N'-bis(4-methoxy-
particular endeavor in crystal engineering is the design of PenzylsulfamideXb), which is achiral, also formed noncentro-
noncentrosymmetric (polar) crystals because of their important SYmmetric crystals of the space grop,. In contrast, the achiral
physical propertied? Currently there is only one foolproof method ~ N:N'-dibenzylsulfamide 13) crystallized in the centrosymmetric
of forcing a polar space group and that is by choosing a resolved SPace grougP2i/c. Given the very similar molecular structures
enantiomer. However, the need for synthesizing pure enantiomers?f 1@ and 1b, it is obvious that the 4-methoxy group @b is
often introduces synthetic difficulty that limits the general responsible for its noncentrosymmetric packing in the' solid state.
applicability of the method. Otherwise there are hardly any 1© Probe the generality of forming polar crystals MyN'-bis(4-
substituted benzyl)sufamides, we chose to study the assembly of
* To whom correspondence should be addressed. 1lc—g. This series of compounds offer ease of synthesis and
lllgft#e?'r‘]"ﬁr"sr:tgisoagﬁf&y convenience of structural modification. Similartaandlb, these
(1) (a) Desiraju, G. RCrystal Engineering: The Design of Organic Solids ~ COmMpounds were expected to assemble into 2D layers. Given the
Elsivier: New York, 1989. (b) Moor, J. S.; Lee, S8hem. Ind.1994 556. robustness of the 2D sulfamide layetc—f, with a range of

(2) (a) Addadi, L.; Berkovitch,-Yellin, A.; Weissbuch, I.; Mil, J. V.; Shimon, - i P inai i ;
L 3 Lahav, M.. Leiserowitz, LAngew. Chem.. Int. Ed. Englo85 33, 466, ;1_subst|tu3n£sD, may prowlde |r|15|ght |rt1;[]o the assembly of this newly
(b) Etter, M. C.; Urbanczyk-Lipkowska, Z.; Zia-Ebrahimi, M.; Panunyo, T.  dIScovere supramolecular synthon.
W. J. Am. Chem. S0d99Q 112, 8415. (c) Lehn, J.-M.; Mascal, M.; DeCian, Compoundslc—g were prepared according to the procedure
A.; Fisher, J. JJ. Chem. Soc., Perkin Trans.1®92, 461. (d) Hosseini, M. r r CXer r lloaraph¥ show hatlc—
W.; Ruppert, T.; Schaeffer, P.; Decian, A.; Kyritsakas, N.; Fishel, Chem. epo tet?l gy- ltJ§ th a%/DclySta 0% é}lid) Z stl‘? er? dt atle bg ded
Soc., Chem. Commuft994 2135. (e) Zerkowski, J. A.; MacDonald, J. C.; ~&Ssembled Into the ayers neld by the hyarogen-bonde

Seto, C. T.; Wierda, D. A.; Whitesides, G. Nl. Am. Chem. S0d.994 1186, sulfamide network as described befér&éhe benzyl groups in

4305l. (f) Fan, E.; Yang, L; Geib, S. J,; Stoner, T. C.; Hopkins, M. D.;  each case packed above and below the sulfamide network in the
Hamilton, A. D.J. Chem. Soc., Chem. Commua895 1251.

le: X=Br 1f: X = CH; 1g: X = COOCH3;

(3) (3) Chang, Y.-L.; West, M.-A.. Fowler, F. W.; Lauher, J. W.Am. commonly observed herringbone mdctifiViore interest!ngly,
Chem. Soc1993 115 5991. (b) Reddy, D. S.; Goud, B. S.; Panneerselvam, compoundslc—g all packed into the noncentrosymmetric space
K.; Desiraju, G. RJ. Chem. Soc., Chem. Comma893 663. (c) Hollings- groupP24, i.e., their crystal packing was the same as thatkof

worth, M. D.; Brown, M. E.; Santarsiero, B. D.; Huffman, J. C.; Goss, C. R. . . . -
Chem. Mater1994 6, 1227. (d) Venkataraman, D.: Lee, S.; Zhang, J.. Moore, The crystals examined were therefore all chiral. Since the majority

J. S.Nature1994 371, 591. (e) Kolotuchin, S. V.; Fenlon, E. E.; Wilson, S.  Of achiral organic compounds tend to pack into centrosymmetric

R.; Loweth, C. J.; Zimmerman, S. @ngew. Chem., Int. Ed. Engl995 34, crystalst® this result is very unusual and must represent a rather
2654, 0 Bhyrappa, P.; Wilson, S. R.; Suslick, K.IAm. Chem. S00.997 general phenomenon for this class of compounds.
(4) (a) Ermer, O.; Lindenberg, L. Adelv. Chim. Actal991, 74, 825. (b) A closer examination of the crystalline structures laf-g
%mardXMg_Su,dD-’\;AW\l/Jvest, tJ-JDE-, AAm- %frl‘em- goggg‘% lllla?al‘;fﬁ% gg)) reveals that the sulfamide group consisted of two orthogonally
ang, X.; simard, M.; Wuest, J. LJ. Am. em. S0 . 1 — QN — i i
Zaworotko, M. J.Chem. Soc. Re 1994 283. (e) Brunet, P.; Simard, M; fUS(_Ed, nearly plana_ns-o S—N—H units (see t.he dihedral a_mgle
Wuest, J. D.J. Am. Chem. Sod997 119, 2737. a(CisO=S—N—H) in Table 1). Each such unit was thus similar
(5) (@) Russell, V. A.; Etter, M. C.; Ward, M. IJ. Am. Chem. S0d.994 to a planar cis secondary amide group. As a result, the tetrahedral

116 1941. (b) Russell, V. A.; Evans, C. C.; Li, W.; Ward, M. Bcience ; ; ; ; ; i
1997 276 575. (c) Russell, V. A.- Ward, M. DJ. Mater. Chem1997, 7, sulfamide group exited in a chiral conformation reminiscent of a

1123. substituted spiro[3.3]heptane. Because of the chiral nature of their
(6) Gong, B.; Zheng, C.; Yan, Y.; Zhang,J.Am. Chem. Sod998 120, sulfamide groups, molecules @éb—g adopted nearly the same
11194-11195. chiral conformation in their solid-state structures. Chiral 2D layers

(7) The crystals were obtained from chloroform by slow cooling from 60 . .
°C in sealed vials. For each compound, at least five single crystals were tested Were seen in the crystals of all these compounds. Further stacking

Under this crystallization condition, only one allotrope was found for each of the 2D layers ofla and 1b—g along the third dimension,

compound. No polymorphism was observed for this series of compounds. however. was different. Molecules & packed into the centro-
The X-ray data ofLc—g are given in the Supporting Information. .

(8) (@) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Sod99Q 112, symmetric space groufPg./c) due to the stacking of alternating
5525-5534. (b) Desiraju, G. R.; Gavezzotti, A.Chem. Soc., Chem. Commun. 2D layers consisting of molecules of the opposite chirality (Figure
1989 621-623. (c) Gavezzotti, A. ChenRhys. Lett.1989 161, 67—72. 1a). Molecules oflb—g, on the other hand, packed into the

(9) Velsko, S. P. IMaterials for Nonlinear Optics. Chemical Perspeets . .
Marder, S. R., Sohn, J. E., Stucky, G. D., Eds.; ACS Symp. Ser. 455; American NONcentrosymmetric space groBp, through the stacking of 2D

Chemical Society: Washington, DC, 1991; pp 34&%9. layers consisting of molecules of the same chirality (Figure 1b).
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Table 1. Selected Structural Parameters lar—g Table 1 lists some selected structural parameters and the
corresponding space groups fta—g. Given the diversity of the

4-substituents, the above results are very surprising. The polar

a(cis-
d(S—S) r(N-=-O) r(N---O) a(N—H---O) O=S—N—H) space

compd (A) A) R) (deg) (deg)  group packing of 1b—g is to some extent similar to the previously
la 4909 2431 2939 118.4 08 P2l rep_orted layered crystal structures of 4-bromobenzoic ar_1hydr|de,
5229 2287 2.881 126.3 3.3 which was reported to pack in the noncentrosymmetric space
1b 4962 2436  2.909 115.2 08 P2, group C2.1° However, 4-substituted benzoic anhydrides did not
5187 2.284  2.867 125.2 7.2 demonstrate the type of generality in forming polar solid-state
lc 4978 2.353  2.870 119.0 05 P2 structures as shown bgb—g. For example, 4-chlorobenzoic
5183 2318 2872 1224 5.3 anhydride was reported to crystallize into the centrosymmetric
1d 4910 2461 2955 117.2 12 P2 groupP2/c.1%a|n fact, our results represent the first example of a
le i'ggg 3'421431; g'ggg ﬁg'g ig P2, homolqgou§ series of a}chiral compounds that_undgergo spontaneous
5243 2229 2836 1276 34 resolution in the _solld state and crystallize into the same
1f 5267 2233 2854 129.1 09 P2 noncentrosymmetric groug.
4927 2465  2.964 117.7 4.0 It is not clear what factors are responsible for the polar
lg 4985 2366  2.885 117.9 07 P2 organization observed in the crystals of these compounds. For
5212 2.244 2872 128.2 6.6 example, although it is obvious that interlayer interactions play
dominant roles in determining the packing of the 2D layers, it is
a Y difficult to imagine how a wide variety of 4-substituents, from
Sed ¢ 3+ the small fluoro {c) to the relatively large methoxy and
4 ?; .&‘ ﬂd Jﬂ ‘ ! S methoxycarponyl:(p and1f) groups, from the isotropicallylg—
Gd B e Sl By f) to the anisotropically Xf) shaped groups, and from electron-
Y PUv Y &y L donating (b) to eflect.ron-withdrawing Xg) groups, all act to
a9 K 1 QJ) .\( 22 ensure polar packing in the crystal structures. Nevertheless, given
@ \r‘-‘\,. ;v) Ny ‘%'( Sd W the invariable nature of their packing patterns, this class of
‘)b Y i 5o el compounds has offered an ideal system for both theoretical and
29 O 4 e Sy experimental inquires. Based on the 2D layers, theoretical
= ,3 ¥ s J) j S comparison on centrosymmetric and noncentrosymmetric packing
R &Qﬂ e ﬁﬁ patterns should provide insight into the rules governing polar
o S packing of 2D layers along the third dimension. Experimentally,
\ ~ 7N — this molecular system for the first time has provided a general
s platform to the design of structurally polar crystals based on
readily available materials and simple chemistry. The resulting
b R “.. ) polar crystals may lead to materials with a wide range of
" f“"n( a2 o X j“? applications. The lamelar structure shared by all the examined
7 f v I f‘& j j L N f'—\o compounds should also provide an unprecedented template for
f”*v hY) 9 rouY % V comparing well-ordered functional groups on isomorphous
T Sy T e S N gy sufaces?
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Supporting Information Available: Tables of X-ray data collection/
refinement parameters, atomic position parameters, anisotropic displace-
ment parameters, and thermal ellipsoid plots far—g (PDF). This
material is available free of charge via the Internet at http:pubs.acs.org.

Figure 1. (a) Layered packing ofa. Two layers of opposite chirality
are shown here. (b) Layered packing Hf. Two layers of the same
chirality are shown here. The polar direction (arrow) is alongltiagis.
Compoundslc—f show the same packing pattern. Only three molecules
are shown for each layer. In the 3D crystals, the molecules in each layer JA992432J
also pack along the direction that is perpendicular to the plane of the
paper, i.e., the planes of the 2D sulfamide networks are perpendicular to  (10) (a) Miller, R. S.; Curtin, D. Y.; Paul, I. CJ. Am. Chem. S0d.974

that of the paper. Hydrogen atoms, except for those of the sulfamide gﬁvr‘tiﬁ“% (3)?fﬂegﬁénﬁ‘*s’gﬁgfio%; |§|7r;_) (fé_)t.’i“gniaxv \AVIC F"’FFL‘”EI) “
; : urtin, D. Y. J. Am. . . il, A. A; Curtin, D.
groups, have been omitted for clarity. Y. Paul. I. C.J. Am. Chem. Sod 985 107, 726.
(11) (a) The layered packing of these compounds is also somewhat similar

Polar single crystals were formed from molecules of the same to the packing of some 44lisubstituted meso hydrobenzoins. However-4,4
disubstituted meso hydrobenzoins examined mostly packed into different space

c_hirality with dipol_es o_f the sulfamide groups oriented preferen- groups and none crystalized into a noncentrosymmetric space group. See: (b)
tially along one direction of the poldr axis. Swift, J. A.; Pal, R.; McBride, J. MJ. Am. Chem. Sod.998 120, 96—104.




