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A series of eight adducts of the form (FRRN),-Zn(CsFs), have been prepared through treatment of
the Lewis acid Zn(gFs), with 2 equiv of the corresponding amine (R'Bu or CHbPh, R = R" = H;
R =R = Me or CH,Ph, R" = H; R = Me, R = CHy,Ph, R' = H; RR = cyclo-C4Hsg or cyclo-CsH;o,
R" = H; R =R = Me, R' = CH,Ph). The solid-state structures of all eight compounds have been
elucidated by single-crystal X-ray diffraction. In each case the geometry about the zinc atom is essentially
tetrahedral. However, there is considerable variation in the supramolecular architectures in the solid state.
A number of types of noncovalent interactions are observed including phpagtafluorophenyl stacking,
X—H---F—C contacts, and offset face-to-face contacts between pentafluorophenyl rings, giving rise to
one-, two-, and three-dimensional supramolecular structures. In our examples we find that no one
intermolecular interaction predominates.

Introduction (I=111" in Chart 1). The first is perhaps the best known attraction
and results from the opposing quadrupoles of the perfluoro-
phenyl and phenyl grougs.Since the original discovery by
Patrick and Prosser, it has been employed in a number of ele-
gant studies to influence supramolecular assertfblly. Though

not as numerous as the organic examples, solid-state structures
of organometallic compounds that exhibit arglerfluoroaryl

stacking have been report&dt®

The widely accepted definition of supramolecular chemistry
offered by Lehn describes “chemistry beyond the molecule,
based on organized entities of higher complexity that result from
association of two or more chemical species held together by
intermolecular forces®. The dative bond has long been the
intermolecular interaction of choice in supramolecular coordina-
tion chemistry2 However, recently a number of research groups
have met with considerable success by utilizing supramolecular — - — -
synthons familiar to organic chemists to assemble supramoI-Gré‘[‘))iéﬁ?, E;’:r_%g_aéggn'\gfr'lg'{_ "C';h'gsgggi"g3':7ig§g"g£"(E)';;gzg‘yag'_;s*
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Since the seminal papers by Duiftzand O’'Hagan and

Mountford et al.

and main group organometallics with perfluorophenyl sub-
stituents?4d.e.26

Despite their opposite quadrupole moment the offset-face-
to-face 0ff) interaction between perfluoroaromatic groups is
comparable to the often observed supramolecular motif in which
hydroaromatics fornoff pairs or stackd’-28 Suchoff interactions
between pairs or stacks ok groups have been reported for
organometallic and coordination compounds with pentafluo-
rophenyl substituent$¢2°Dance surveyed the crystallographic
structure database for the groups Ef)s and E(GFs)4 (where

Howard?! there has been increased interest in hydrogen bondingE is an element from groups +3a5) and found a number of

to weak organofluorine acceptd?®?® We and others have
recently reported intramolecular bifurcated-N---F---H—N

hydrogen bonding in a number of neutral and anionic adducts

of B(CsFs)3.242%Intermolecular X-H---F interactions have been
found in the solid-state structures of a number of transition
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Scheme 1
1R=R'=H,R"="Bu
R\ R 2R =R =H, R"=CHyPh
R—\ . 3R=H,R=R"=Me
\ /RR 4R=H, R =Me, R" = CH,Ph
Zn(CeFs)z + 2NRRR" — _ Zn—N"" 5R=H,R'=R"=CH,Ph
CeFs &/ ke 6R=H RR"=oyclo-CyHy
6"s 7 R=H, RR" = ¢cyclo-CsHqg

L8 8 R=R'=Me, R"=CH,Ph

Table 1. 4(NH) for the Free Amines and Zinc Adducts

O(NH)/ppm
compound free amine adduct A6 (0w adduct— oy amine)

1 0.77 2.52 1.75

2 0.86 1.61 0.75

3 0.23 1.40 1.17

4 0.71 2.29 1.58

5 1.09 2.90 1.81

6 0.87 2.07 1.20 Figure 1. Molecular structure of. Thermal ellipsoids are shown

7 0.87 2.24 137 at the 50% probability level. H atoms on carbons have been omitted

for clarity.

molecular geometry, and intermolecular interactions of eight . .
amine adducts of Zn(s).. petroleum over dichloromethane solutions of the crude products

and cooling to—25 °C overnight. For compound 4, 7, and
8, X-ray quality crystals were afforded by cooling concentrated
toluene solutions te-25 °C. The solid-state structures b8
Treatment of Zn(@Fs), with 2 equiv of the amineBuNH,, were determined by X-ray crystallography and are described
PhCHNH;, MeNH, PhCH(Me)NH, (PhCH),NH, cyclo below. No evidence for the formation of more than one type of
C4HgNH, cyclo-CsHioNH, or PhCHNMe; in toluene results in crystalline product was observed in any of the samples
the formation of the adducts—8 in excellent yield (Scheme  examined.
1). The elemental analyses were all in good agreement with Compoundl has the expected essentially tetrahedral geometry
the expected compositions. about the zinc center (Figure 1). Selected bond lengths and
The 'H and1%F NMR data indicated that adduct formation angles for this and other members of the series are collated in
had taken place. Addition of further amine to NMR samples Table 2. To date, there are only five structures containing the
did not result in duplication ofH NMR resonances but did ~ Zn(CeFs), fragment in the Cambridge Structural DatalSase
produce a chemical shift change, whereas cooling the sam-including that of Zn(GFs). itself3” The Zn-C and Zn-N
ples to —80 °C led only to a slight broadening of the reso- bond lengths are very similar to these reported examples. In
nances. These observations suggest that the thermodynamicgll our compounds the single most significant distortion from
strongly favor the adduct formation in solution but that the amine ideal tetrahedral geometry is the opening of theAd—C angle.
ligands are labile. Table 1 gives tb¢éNH) resonances for the ~ For1the 123.05(7) C1-Zn1-C7 bond angle is compensated
free amines and corresponding adducts. Where preseritithe by an asymmetric arrangement, which leads to smaller
NMR resonance of the NH group is shifted significantly C7—Zn1—N2 (98.84(6}) and N}-Zn1-N2 (101.26(6)) angles.
downfield on adduct formation. It is not clear to what extent This asymmetry appears to result from the supramolecular
this is the result of the electronic influence of adduct formation structure adopted in the solid state, which is discussed below.
or an indicator for intramolecular NH++-F—C interaction in There are two long intramolecular NH---F—C contacts

Results and Discussion

solution3s (Table 3).

There is little variation between tH&F NMR spectra of the The molecular structure of compouids depicted in Fig-
adducts Th@rtho_ﬂuonne resonances are a” W|rha 3 ppm ure 2. Here the dlStOI’tlon from '[e'[l’ahedl’a| to aCCOI’andate the
chemical shift range at116.5 (-1.5) ppm, and th@ara- and CsFs groups is more evenly distributed in a pseudosymmetric
metafluorine resonances vary even les4,58 (+0.5) and—162 arrangement, with two very similar angles for Ci5n1-N2

(+0.5) ppm, respectively. We have previously reported on the (102.66(18)) and C21Zn1-N1 (102.68(17)), while
intramolecular N-H---F—C hydrogen-bonding interactions of ~N2—Zn1—N1 (110.09(17)) is near ideal. The conformation
a number of tris(pentafluorophenyl)borane adducts related to aligns the GHs (Phy) and GFs (Ph) rings parallel to one
1-7.22 The room-temperatur@[: NMR Spectra of secondary_ another, but there is no Ovel’lap. The Only intramolecular
amine borane adducts exhibit a distinctive high-field shift for N—H--+F—C contact of note is NtH1c-F5, at 2.46 A.
the o-F's engaged in bifurcated intramolecular hydrogen- At the molecular level the structure of the MH adduct3
bonding interactions (E€F-+-H--F—C) between amino hydro-  (Figure 3), which has a 2-fold symmetry axis, is distinguished
gens anartho-fluorine atomg4d The 1F NMR spectra o8—7 — — :
provide no such evidence for solution-phase--F~C ,(50) 108 Bl o e O e axnibit substantal downield shif
interactions even on cooling te80 °C. O(NH) versus the free amine: see ref 24d.

Intramolecular Interactions. Single crystals of, 3, 5, and (36) Fletcher, D. A.;; McMeeking, R. F.; Parkin, D.Ghem. Inf. Comput.

; i i : 4 I Sci. 1996 36, 746.
6 suitable for X-ray diffraction were obtained by layering light (37) (a) Sun, Y.: Piers, W. E.; Parvez, Kan. J. Chem1998 76, 513.

(b) Weidenbruch, M.; Herrndorf, M.; Scfe, A.; Pohl, S.; Saak, WJ.

(34) (a) De Cires-Mejias, C.; Tanase, S.; Reedjik, J.; Glezzdilchez, Organomet. Chem1989 361, 139. (c) Day, V. W.; Campbell, D. H.;
F.; Vilaplana, R.; Mills, A. M.; Kooijman, H.; Spek, A. Linorg. Chim. Michejda, C. JJ. Chem. Soc., Chem. Comm@®875 118. (d) Garratt, S.;
Acta2004 357, 1494. (b) Bareberio, G.; Bellusci, A.; Crispini, A.; Ghedini,  Guerrero, A.; Hughes, D. L.; Bochmann, Mngew. Chem., Int. E@004
M.; Golemme, A.; Prus, P.; Pucci, [Eur. J. Inorg. Chem2005 181. 43, 2166.




3840 Organometallics, Vol. 25, No. 16, 2006 Mountford et al.

Table 2. Bond Lengths and Angles (in A and deg) about the Zinc Atom, with esd’s in Parentheses

compound Zr-C Zn—N C-Zn—-C N—Zn—N

1 2.030(2), 2.041(2) 2.1121(14), 2.1331(15) 123.05(7) 101.26(6)
2 2.025(5), 2.020(5) 2.108(4), 2.106(4) 122.48(19) 110.09(17)
3 2.0374(16) 2.1147(14) 120.22(9) 105.01(8)

4 2.0294(19), 2.028(2) 2.1038(17), 2.1133(16) 120.91(8) 101.11(6)
5 2.0301(17), 2.0277(17) 2.1874(14), 2.1504(14) 133.72(7) 112.50(5)
6 2.028(2) 2.0972(18) 125.02(12) 100.69(10)

7 2.032(5), 2.044(5) 2.094(4), 2.102(4) 120.05(18) 108.09(17)
8 2.0442(16) 2.1626(13) 117.93(9) 110.14(7)

Table 3. Hydrogen—Fluorine Contacts (in A and degy

D—H---A d(D—H) d(H---A)P d(D---A) O(DHA) symmetry operation
1
N1-Hla--F5 0.92 2.39 3.014(2) 125
N2—H2b--F6 0.92 2.44 3.070(2) 125
N2—H2a--F1 0.92 2.32 3.197(2) 159 *x, 2—-y, 1-z
2
N1-Hlc--F5 0.92 2.46 3.014(5) 119
N1-Hlc--F5 0.92 2.48 3.380(5) 166 *x+1, -y, —z+2
N2—H2a--F6 0.92 2.37 3.278(5) 171 *x, =y, —z+1
3
N1-H1---F1 0.93 242 3.0388(18) 124 =X, Y, Yo~z
N1-H1---F2 0.93 241 3.0995(17) 131 Xz, y—=1p, 2
4
N1-H1N---F3 0.83(2) 2.30(3) 3.119(2) 168(2) X&+1,y, z
5
N1—-H1.--F1 0.93 221 2.9402(17) 134
N2—H2:--F10 0.93 2.48 3.1266(17) 126
6
N1-H1---F1 0.93 2.39 2.991(2) 122
8
C8—H8b-+-F5 0.98 231 3.164(2) 145
C7—H7a--F2 0.98 2.46 3.174(2) 129 *x+1,y—1, —z+3/2

a An asterisk indicates an intermolecular interaction; esd’s are in parentfié3ely. those contacts less than 2.50 A are listed.

Figure 3. Molecular structure o8 with a 2-fold symmetry axis
approximately vertical in the plane of the page. Thermal ellipsoids
are shown at the 50% probability level. The methyl group hydrogen
atoms have been omitted for clarity.

Figure 2. Molecular structure of compourl Thermal ellipsoids . -
are shown at the 50% probability level. H atoms on carbons have "€ molecular structure db (Figure 5) exhibits the only

been omitted for clarity. examples of intramolecular arybryl interactions found in this
series. Each of the two Plgroups associates with a benzyl
only by a symmetry-related pair of intramolecularN-+--F—C substituent through a pairing interaction with one of the, Ph
contacts (Table 3). rings, and the remaining pair of Rhiings are overlapping in
The molecular structure of compourd (Figure 4) lacks anoff fashion. The centrotd-centroid distances (3.60 and 3.56
the precise symmetry of the closely related adddcend 8. A) and centroie--plane separations of 3.41 and 3.35 A for the

Each benzyl group is orientated to reduce steric interaction with first interaction and 3.57 and 3.46 A for the second with
the methyl substituent. The distortion from tetrahedral geometry interplanar dihedral angles of 12.4nd 8.0 describe good

is largely confined to an opening of the C1Znl1—-C23 alignment of associated rings. As a consequence of accom-
(120.91(8)) and closing of the NZn1—N2 angle (101.11- modating these ring-pairing interactions, the greatesf@-C
(6)°). In this instance there are no noteworthy intramolecular angle in the series is observed in compo&nd33.72(7)). In
N—H---F—C contacts. addition to the intramolecular aryl-pairing interactions there is
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Figure 4. Molecular structure of compourtl Thermal ellipsoids

are shown at the 50% probability level. H atoms on carbons have
been omitted for clarity. Figure 6. Molecular structure of6 viewed down the 2-fold
symmetry axis. Thermal ellipsoids are shown at the 50% probability
level. The hydrogens, except for the amine H atoms, have been
omitted for clarity.

Figure 5. Molecular structure of compourtsl Thermal ellipsoids
are shown at the 50% probability level. H atoms on carbon have
been omitted for clarity.

one medium length N#H1---F1 (2.21 A) and one long . .
N2—H2:+-F10 (2.48 A) contact. Figure 7. Molecular structure of7 viewed down the pseudo-2-

fold symmetry axis. Thermal ellipsoids are shown at the 50%

The molecularl structure o (Figure 6). has.2-f0|d Sym-  probability level. The pyrrolidine group hydrogens have been
metry. The pyrrolidine group adopts an orientation to minimize omitted for clarity.

steric interactions with the ¢€s groups, which results in a

relatively large C-Zn—C (125.02(12)) and a small N-Zn—N series. Althoug! has no amino hydrogens, each of the methyl
(100.69(10)) angle. There is a pair of symmetry-related, long, groups provides a hydrogen donor in either an intra- or an
intramolecular N-H---F—C contacts (Table 3). intermolecular G-H-+-F—C interaction. The intramolecular
Compound? crystallizes with pseudo-2-fold symmetry but interaction C8H8b+-F5 (2.31 A, G-H:::F 145) is remi-
with a quite different orientation of the piperidine group from niscent of the GH---F—C contact we reported for the
that of the pyrrolidine group i (Figure 7). Consequently, the  borane adductyclo-CsHgN(H)-B(CeFs)s (2.20 A, C-H---F
C—2Zn—C and N-Zn—N angles at 120.05(18and 108.09(17) 151°).23a.bf.24c
respectively, are much closer to the tetrahedral ideal. There are |ntermolecular Interactions. The frequency, nature, and
no X—H---F—C interactions substantially shorter than the van extent of the intermolecular interactions (possible with pen-
der Waals’ radii in the solid-state structure of tafluorophenyl groups and introduced above) vary greatly in
Compound8 is the only adduct of a tertiary amine in this the solid-state structures of compountts8. That of 6 is
study and crystallizes with 2-fold molecular symmetry (Fig- distinguished by the absence of eitloéfinteractions between
ure 8). As a consequence of the match between the stericPhe rings or short intermolecular NH-+-F distances. The
bulk of the tertiary amine group and the pentafluorophenyl shortest contacts to neighboring molecules are betweaén
groups, we see the least distorted tetrahedral geometry in theatoms and N-H groups but with H--F distances corresponding
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contacts i3, only one of the amino-H’s in each molecule of
participates in an intermolecular interaction; this leads to pairing
of molecules by two such interactions about a center of
symmetry. Also, one of the two Rlyroups interacts with that

of a second molecule (also related by a center of symmetry);
while the distance between the two parallel rings is 3.190 A,
the degree of overlap is small. Together these interactions link
molecules in chains parallel to theaxis.

The supramolecular architectures Bf 3, and 7 are thus
shaped by H-F and/or offset Ph--Phe stacking interactions.
The introduction of benzyl substituents in addu2tgl, 5, and
8 provides for further potential intermolecular associations,
namely, the well-documented R-Ph= motif and off
Phy---Phy stacking interactions.

In compound 8, in addition to the intramolecular
C—H---F—C interaction as described above, the second methyl
group is engaged in an, albeit rather weak;HG:-F—C
intermolecular interactions with anF on a neighboring
molecule (H:-F 2.46 A, C-H:--F 129). In this way each
molecule is associated with two of its neighbors, forming in-
Figure 8. Molecular structure of compour@il Thermal ellipsoids  finjte chains (Figure 12) that are linked via offset homoaryl
are shown at the 50% probability level. H atoms have been omitted stacking interactions of the pentafluorophenyl rings. We note
for clarity. that no Ph---Phy interactions are seen in the crystal structure
to the sum of the van der Waals' radii (2.55 A). The inter- ©f 8 Theoff Phe-Ph: stacks afford one-dimensional chains

molecular interactions in the remaining structures are discussediNat zigzag in a direction parallel to the crystallograptiaxis
below in order of increasing complexity. (Figure 13). The extent of the overlap of the pentafluorophenyl

Compound” has a supramolecular structure consisting of one- 1Ngs and the subsequent centreiglane distance at 3.171A
dimensional chains running parallel to theaxis (Figure 9). are similar to thatirl. There IS the suggestion of a,*PhPh*
Molecules are linked byff interactions between pairs of Ph offset stack in the crystal lattice & but the centroid-plane
rings that are not symmetry-related. The centreéntroid distances at 3.706 and 4.089 A are chh_ greater tha_n those
distance between adjacentgRings is 3.84 A, the centroiet calculated by Dance (ca. 3.4 A) for the binding paigte): in
plane distances are ca. 3.4 A, while the offset between centroids2nOff motif, so we conclude there is no significant interaction.
is 1.88 A38 The most readily apparent intermolecular interactiong in

The supramolecular structure of compouis depicted in ~ are H+F contacts (2.30 A, NH---F 168) between NH and
Figure 10. Each molecule engages irN--F—C interactions p-F atoms linking molecules in chains parallel to thaxis.
with four neighbors (two as donor molecules, two as acceptors). Less obvious is the association of adjacent molecules through
Collectively they define a supramolecular structure consisting Phu-**Phy vertex-to-facef) interactions. There are four distinct
of infinite sheets parallel to the—b-plane. Neighboring sheets ~ f contacts: one Rh--Phe ring with an H--centroid distance
are aligned to each other througlif Phe+-Ph: interactions of 2.51 A, two Ph---Phy with H---centroid distances of 2.71
similar to those in7; the interplanar distance i is 3.299 A and 2.99 A, and one methylend’h, with an H--centroid
(the extent of overlap is illustrated in Figure 17c). The two sets distance of 2.80 A; Rir+-Phy contacts thus link four phenyl
of interactions cooperate to give a three-dimensional network rings in a cyclic arrangement about a center of symmetry (Figure
in which every group bonded to zinc participates in a significant 14), and the methylerePh, contacts link pairs of benzyl
intermolecular interaction. groups about another center of symmetry. This packing is

The supramolecular structure df(Figure 11) is assembled  distinct from the 4-fold phenyl embrace described by Dance,
from the same types of intermolecular interactior8asut has ~ Which associates pairs of adjacent molecéfes.
no molecular symmetry and does not realize the bonding In the crystal lattice ob, there are two types of stacked ring
potential of every group. While shorter (2.32 A) than the systems, first a stack of fourgHs rings and second a stack of

Figure 9. Packing diagram illustrating the one-dimensional chaing farmed by a Pk --Phe stacking motif.
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Figure 10. Sheet of molecules & connected through the illustrated-i---F interactions. The two ligands label@dare of a neighboring
sheet and have parallel overlapping-P#Ph- ring interactions with groups of the first sheet.

Figure 11. Molecules ofl viewed down a cell diagonal. Molecules are connected in pairs by shert22--F1' interactions, and these
pairs are linked in chains by overlap of fPtings.

L

Figure 12. Packing diagram illustrating the formation of a chain throughHz:-F—C interactions in compoun8.

-

eight rings with a sequence PhPhy--Ph:=--Phy---Phy--- longer stack, and®0(also about an inversion center) and £1.6
Phe---Phy---Ph=. The angles between the normals in adjacent in the shorter stack. In theff stacking of Ph---Ph rings, in
rings vary from O (about a center of symmetry) to 24.ih the

(39) Dance, I.; Scudder, MChem. Eur. J.1996 2, 481. Density

(38) There are two slightly different centroid (egplane distances (3.452 functional calculations for thef and ef supraisomers of the gas-phase
and 3.351 A (cg (C21C26)--plane (C1+C16) and cg (C14C16)-+ benzene pair (§s)2 concluded that both structures exhibit near identical
plane (C21-C26), respectively); the planes lie at an angle of 41@6each pair-binding energies, with thef structure only slightly less favorable: see
other). ref 27.
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Figure 14. Packing diagram showing the edge-to-face and vertex-
to-face arrangements of the fPtings in 4.

Figure 15. View close to the crystallographizaxis showing the
staggered aryi-aryl and eclipsed pentafluoroanyaryl stacking
interactions in the crystal lattice &t

both stacks, an H atom of the adjoining methylene group is
directed toward the center of the opposingyRing with
H---centroid distances of 2.57 and 2.76 A in the short stack

Mountford et al.

Figure 16. Packing in2 showing columns of overlapping rings in
two directions.

and 2.75 A in the central Rk+Phy contact in the longer
stack. Laterally adjacent molecules are associated through the
Phy---Phy interactions in a zigzag pattern, which combines with
the heteroaryl stacks affording infinite sheets (Figure 15). For
the heteroaryl stacks the intermolecular centrea@éntroid
separation (3.897 A) is larger than the intramolecular value
(3.579 A (av)). The remaining aryl rings form aiff stack in
which the average centroidplane separation between intramo-
lecularhomerings is 3.408 A, while the intermolecular distance
between the two symmetry-related rings is only slightly greater
at 3.446 A. The packing & involves no intermolecular ++F
contacts less than 2.50 A.

The supramolecular structure of compoudds intriguing;
each aryl ring has one homo- (to a symmetry-related ring) and
one hetero-intermoleculaff-type interaction. This overlap of
aryl rings gives rise to columns, which are stacked in parallel
arrays in layers in the crystallograptae-b-plane. In one layer
the columns are directed along the1[10] vector; in the next,
they are parallel to the [110] vector, at an angle of 10@ol
the first. The columns are linked by the zinc coordination bonds
(Figure 16). Thus each molecule associates with two neighbors
via four Ph---Phy interactions, facilitated by two pairs of
essentially parallel phenyl and pentafluorophenyl rings within
the molecular structure. Another four molecules share the homo-
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d) @= (e
Figure 17. Projection of overlapping rings onto the plane of the lower ring fordfigpentafluorophenyl rings it (a), 2 (b), 3 (c), 7 (d),
and8 (e).

Table 4. Structural Parameters for the Homo- and Hetero-aryl Interactions in Compound 2

centroid--centroid centroid--plane angle (deg) between
plane 1 plane 2 distances (A) distances (A) the normals to these planes
C2—-C7 (Phy) C15-C20 (Ph) 3.68 3.40,3.41 3.00
C9-C14 (Ply) C21-C26 (Ph) 3.73 3.38, 3.47 3.98
C2—C7 (Phy) C2-C7 (Phy) 3.95 3.56 0
C9-C14 (Ply) C9-C14 (Ply) 3.86 3.50 0
C15-C20 (Ph) C15-C20 (Ph) 3.54 3.38 0
C21-C26 (Ph) C21-C26 (Ph) 3.51 3.37 0

aryl interactions of each ring. The centroigtentroid and of Al(CeFs)s24d and are comparable to the-+F distances
centroid--plane distances for each of these homo- and hetero- reported forcis-(NH3)2*Pd(GFs)2.25¢
aryl interactions are collated in Table 4. In addition, there are  There are relatively few reports offf interactions between

two weak intermolecular H-F interactions. pairs of metal-bonded ¢Es rings2°0:37aHowever, interrogation
of the CSD yielded many further examples of crystal structures
Discussion where such interactions are present but have not attracted

The effect of lexi i ine to the Lewi idi comment by the authors. We were therefore not surprised to
€ eflect of complexing a protic amin€ 10 Ihe LEWIS acldiC g, ot jnteractions in five of our eight adduct lattices. The

zinc center in Zn(€Fs); is to increase its potential as a centroid—plane distancesl( 3.19;2, 3.38 (av);3, 3.30 (av);7,
hydr_o_gen_—bonjd dono_r. However, with the hitrogen lone pair now 3.40 (av); and, 3.17 A) are in line with those observed for the
participating in a dative bond, the only possible hydrogen-bond base-free parent compound ZgFe), (3.26 A (av)) and the
acceptors are organofluorines. Furthermore, the length of thedimeric aluminum  complex [AIMe(ng.)(,u-Me)z]g (3.39 A
Z_n—N bon_d (2.03 A (av)) disfavors th_e formation of the (av))2%b37aThese values approach the centrojolane distance
b!furcated intramolecular hydroggn-bondmg arrangements pre-¢, e off paired gas-phase dimerdfg)., in which the closest
dicted by Etter's rules and consistently found in protic amine ..\ 1ated contacts were 3.19 and 3.14 A for-C and G--F

o A . . ,
adducts of B(GFs)s (B-N bond length 1.64 AJ® While there respectively?’” There is however, as illustrated in Figure 17,

\6/1\';e a; r’]urmdt;?r'l(')fk;TH.B. 'Ff_ Slcont?cts r\lN(tar!I nghlr?ittzher\i/tarr]i dirr considerable variation in the degree of overlap (extent of offset)
aals’ radii (Table 3), few approac e bu crteria for- etween instances of this interaction.

designation as hydrogen borfdsAlthough interactions of this o . L
type are doubtless individually weak in the absence of stronger " principle, the Ph-+-PH interaction is the most favorable
supramolecular synthon for molecules containing a combination

competing packing forces, they may play a significant role in - ; .
the zuprz?mpoleculgr assemblyyof c?;ypsta){ Iatti%iaé’.he best of these two rings but no other functional groups. However, in
our study the hetero-aryl stacking motif is found only5n

example from this study is compoufdin which infinite sheets Although we see intramolecular hetero-aryl pairingiit does
are constructed by each molecule donating two and acceptin > N
y 9 P gnot extend to intermolecular Rh-Phe--Phy---Phe stacks. The

two N—H---F—C interactions. While significantly longer than . . . . o
g y ond pattern in5, of intramolecular pairs combining to give inter-

the intermolecular interaction in ¢ga)-Al(CeFs)3,2%d they are : — S
) Al(CoFs)s y molecular stacks, is very similar to that observed for the imine

within the range we have observed for the related amine addUCtSadduct of tris(pentafluorophenylborane, Z-Ph(HI(CHPh)

(40) Walker, D. A.; Woodman, T. J.; Hughes, D. L.; Bochmann, M. B(CéFs)3 (IV), and the PhChNH> adducts of M(GFs)s (M =
Organometallics2001, 20, 3772. B, Al).190.24d] jke 5, in IV the intramolecular centroigticentroid
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= g ) ©
distance (3.374 A) is significantly shorter than the intermolecular 55 -~ =) q%: w2 S : ,C:
separation (3.910 A). Heteroaryl pairing or stacking was not c 8583 T 5, 5° 8 588,
found in 4 or 8, where the supramolecular architectures rely w28 3% N < 18 8 § 3 Le8ccq
upon homoaryl interactions. We ascribe the relative paucity of 0 £ NP g X F‘_g ox 3 8 T
hetero-aryl stacking in this series of solid-state structures to steric Je9 878 Yo x4i° 8
hindrance from the metal preventing optimalPkPh: overlap, § 2 ESHS = p
thus rendering other interactions more favorable. i, o § =3
S &8 ¢35 § sS3o
Conclusion N 225 © ®o b6 X o 3 g ué 3
~ZREPSRN F 83 _8R8B858®cog
Amine adducts of Zn(gFs), exhibit a rich supramolec- L25reSS 2,870 oY § 3 &
ular chemistry [%-H---F—C, where X= N or C, Pk-+-Ph, e ® 6 Y4 9 NE° 3
Phy-++Phe, and Phy---Ph, interactions]. However, within the O E A S
series of related compounds reported here there are no indica- c S o & L)
tions for a preferred supramolecular motif. The rationalization, 08‘;;;6;;@ - 23 § S 2 g
prediction, and ultimately direction of supramolecular structure Ni £ §,\f\g': 8~ % Fagi S 9383 &
in perfluoroaryl zinc complexes will require systems that do ©IZRENSS LR g 22 8 23829
not exhibit such a finely balanced set of competing intermo- g < S983c808 : R x99 8 e
lecular interactions. We are currently exploring the effectiveness £ £ 22 < ®3 % © g
of targeted molecular modifications in favoring {PhPh © ° = e Q Qo
pairing. 0 59 R RB5B
2 | @8% o .8 34° 8 5SS
Q N e AN~ X < kel
Experimental Section Elv|2,58588555983 %88&0%8?%
. O L9 gTedRE8aYegoy 33T
General Procedures.All reactions were conducted under an z P8s8N8 Fdh 2 3
atmosphere of dry nitrogen using standard Schlenk line techniques. 5 S 2 e g - g 2
All solvents were purified by distillation from molten sodium ot o = ~ ©
(toluene), sodium/potassium alloy (light petroleum), or calcium £ o 88 & ¢ g%
hydride (dichloromethane). NMR spectra were recorded at 300.1 3 IS &T’&;E\TG ) ° ‘i g 8o
(*H), 75.5 {5C), and 282.4%¢F) MHz and at 24C unless otherwise 95 <z ¢ R’:-g’?—co’ pa Do %"3 IP Jan 5
stated. Elemental analyses were performed by the in-house service § ,_,i & % § 52 38 2 B 5 2 on® f{,\'; 388 T
at the University of East Anglia. ZngEs).-toluene was prepared g £y 2oy by =) RN T80 s 9 °° §
according to the literature proceddfeThe amines were purchased k= S @ g Yo g’ o< o
from Aldrich or Lancaster, dried ovel A molecular sieves, and © ﬁ
used without further purification. .Dé o 59 o 38
Crystal Structure Analyses. Suitable crystals were selected, and ] N § o 5 3 = 5—2 9 Q 2S8
data forl—6 and8 were measured on a Bruker Nonius KappaCCD Sl zz k%) %@‘J; & 9,:°'N ?3 S E S No S
area detector equipped with a Bruker Nonius FR591 rotating anode 8 L8ES § § B 22,5°88%9 % 2R T-
(AMo-ke = 0.71073 A) driven by COLLECH and processed by = Qe RE-P 9 g 98738 g,,x’ v 3733 §
DENZO*2 software at 120 K. The structures were determined in =~ @ | |S5Y g~ <" TYH S 3° o
SHELXS-97 and refined using SHELXL-97? The intensities for O o 2
a crystal of7 were measured on a Rigaku/MSC diffractometer with 5 22 ¥ 4993
Mo radiation and a graphite monochromator at 140 K. Data were o Ni g5 — ITx 9 g a8
processed using MSC TeXsan/Process softifeéBéucture analysis Sl«a|Z '®8 gg@@égq 2®B30 se° 3
was by the SHELX-97 software. The large residual electron density  —| | Lo sZ8863828 £ ON3QRES &
and high/hanging factor indicate possible twinning in compound I BE5Sa 5@ S-d3% & 5°e=g
2; a twin law could not be found, and it occurs with all crystals. GOEBAAP2P4d S o %0
Crystal data and refinement results for all samples are collated Q §
in Table 5. x5 3 o
Synthesis of Compounds #8. (BuUNH,),+Zn(CeFs)z (1). A N 3 x og SRR
sample of Zn(@Fs)toluene (1.23 g, 2.5 mmol) was dissolved in +|% Bo88ggaf 2982 5332
. s CEoNOUHFFFI® Do~ « 0 -~ - |
toluene (10 mL) at room temperature and treated wéhi- SRE3IEIEUI T T w SxPRYVTI R
butylamine (0.37 g, 5.0 mmol). Aftel h the solvent was removed % BES g ® 5 wm S ks S E: HHBege 3
under reduced pressure, affording a sticky residue, which was 0 o=Ed®ETaaNd 9o © ©ooco
washed with light petroleum. Colorless crystals were grown from - s
a light petroleum/dichloromethane mixture cooled t@5 °C 2 H
overnight (0.98 g, 72%). Anal. Found: C 43.90, H 3.85, N 5.05. < . & a
Calc for GoHzoFioNoZn: C 44.01, H 4.06, N 5.13'H NMR 3 §52p2
(CeDe): 0 2.52 (s, 4H, M), 1.17 (s, 18H, Els). 13C{*H} NMR o — 5 g% =S
S E T Z2%x3s
(41) Hooft, R.COLLECT Data collection software; Nonius, B.V.: The s o 2 € g S/ gT8R
Netherlands, 1998. _ 2 g ST E 3 L3 §
(42) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307. 5 2 G E 2 oq g oS 2
(43) Sheldrick, G. MSHELX-97 Programs for crystal structure deter- e S = O Le 8-S ZE
mination SHELX$ and refinement§HELXL); University of Gdtingen: S & S o _ Eso 8= °
Germany, 1997. SED oo 288225 5XL7
. - 2 ob D008, B g° )
(44) PROCESSTeXsan Single-Crystal Structure Analysis; Molecular ES >LXLILT DT T8 >>3 265 _E £2
Structure Corporation: The Woodlands, TX, 1993. CZ5B003RANSN®EScEex2EQS
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(CsDeg): 0 51.4 ((CH)3C), 31.0 CH3). *F NMR (GiDg): 6 —118.0
(d, 4F,J=19.6 Hz,0-F), —157.9 (t, 2FJ = 19.5 Hz,p-F), —161.9
(4F, m,m-F).

(PhCH,NH3)2:Zn(CeFs)2 (2). Compound? was isolated using
the same general method described Ipbenzylamine (0.29 g,
2.7 mmol) was added to Zn§Es),-toluene (0.67 g, 1.4 mmol).

Organometallics, Vol. 25, No. 16, B8

20.0 Hz,0-F), —157.0 (t, 2F,J = 19.7 Hz,p-F), —161.2 (m, 4F,
m-F).

(cyclo-C4HgNH)2-ZNn(CeFs), (6). Compound6 was isolated
following the procedure outlined fdt by addition of pyrrolidine
(0.25 mL, 3.0 mmol) to Zn(gFs).-toluene (0.74 g, 1.5 mmol).
Colorless crystals suitable for X-ray crystallography were obtained

Colorless crystals were isolated from a saturated toluene solutionby slow diffusion of light petroleum into a dichloromethane solution

cooled to—25 °C (0.63 g, 75%). Anal. Found: C 50.49, H 3.29,
N 4.57. Calc for GgH1gF10N2Zn: C 50.88, H 2.96, N 4.56H NMR
(CsDg): 0 7.04-6.60 (m, 10H, GHs), 3.07 (t, 4H,J = 7.3 Hz,
CH,), 1.61 (br, 4H, NH,). 13C{*H} NMR (CgD¢): 0 129.4, 129.1,
127.7, 127.5CsHs), 46.4 CHy). 1°F NMR (CsD¢): 0 —118.0 (d,
4F,J = 19.5 Hz,0-F), —157.2 (t, 2F J = 18.0 Hz,p-F), —161.4
(m, 4F, m-F).

(Me2NH),-Zn(CgFs)2 (3). Compound3 was prepared following
a procedure similar to that fdrby addition of dimethylamine (4.4
mmol, 1.8 mL of a 2.41 M solution in toluene) to Zns),-toluene
(1.09 g, 2.2 mmol). Recrystallization from a light petroleum/
dichloromethane mixture led to isolation of the product as colorless
crystals (1.20 g, 75%). Anal. Found: C 38.89, H 2.84, N 5.59.
Calc for GeHigF1gNZn: C 39.25, H 2.88, N 5.72'H NMR
(CeDg): 0 1.58 (s, 12H, @i3), 1.40 (br, 2H, NH). F NMR
(CeDg): 60 —117.4 (d, 4FJ = 19.8 Hz,0-F), —157.3 (t, 2FJ =
19.8 Hz,p-F), —161.6 (m, 4Fm-F).

(PhCH2(Me)NH)2:Zn(CgFs)2 (4). Compoundd was prepared in
a fashion similar tal by addition ofN-benzylmethylamine (0.12
g, 1.0 mmol) to Zn(GFs)z-toluene (0.24 g, 0.5 mmol). X-ray-quality
crystals were obtained from a light petroleum/dichloromethane
mixture on cooling to—25 °C overnight (0.25 g, 78%). Anal.
Found: C55.81, H4.27, N 5.86. Calc fopdE-F1oN-Zn: C 52.40,
H 3.45, N 4.36.H NMR (CgDg): 0 7.32-7.07 (m, 10H, GHs),
3.86 (br, 2H, NH), 2.29 (br, 4H, E1,), 1.34 (s, 6H, El,). 13C{1H}
NMR (CgDg): 6 129.6, 128.8, 126.20:Hs), 52.6 CHy), 24.6 CHa).
19 NMR (CeDg): 6 —118.5 (t, 4FJ = 19.9 Hz,0-F), —157.8 (t,
2F,J = 19.8 Hz,p-F), —161.8 (m, 4F m-F).

((PhCH,),NH)2:Zn(CeFs)2 (5). Compounds was prepared in a
manner analogous to that farusing N,N-dibenzylamine (1.07 g,
5.4 mmol) and Zn(@Fs). toluene (1.34 g, 2.7 mmol), yielding
colorless crystals from a light petroleum/dichloromethane mixture
cooled to—25°C (1.89 g, 88%). Anal. Found: C 60.42, H 3.59,
N 3.55. Calc for GoHzoF10N2Zn: C 60.50, H 3.81, N 3.53H NMR
(CéDg): 0 6.98-6.81 (m, 10H, GHs), 3.40 (d, 4H,J = 6.6 Hz,
CH,), 2.90 (m, 2H, NH). 13C{H} NMR (CgDg¢): 6 137.0, 129.1,
129.0 C¢Hs), 52.6 CHy). 1%F NMR (CgDg): 6 —115.2 (d, 4FJ =

at —25°C (0.67 g, 82%). Anal. Found: C 44.21, H 3.23, N 5.23.
Calc for GgHigFigNoZn: C 44.34, H 3.35, N 5.17*H NMR
(CeDe): 0 2.36 (br, 8H, GHg), 1.13 (br, 8H, GHg), 2.07 (M, 2H,
NH). 13C{*H} NMR (CgD¢): O 47.8, 25.0 CsHg). 1°F NMR
(CeDg): 6 —116.9 (d, 4FJ = 19.8 Hz,0-F), —157.9 (t, 2FJ =
19.8 Hz,p-F), —161.9 (m, 4F m-F).

(cyclo-CsH1gNH),-Zn(CeFs), (7). Compound7 was prepared
according to the method described fousing piperidine (0.17 g,
2.0 mmol) and Zn(gFs).-toluene (0.5 g, 1.0 mmol). Colorless
crystals were afforded by cooling a saturated toluene solution to
—25 °C overnight (0.53 g, 92%). Anal. Found: C 46.62, H 3.85,
N 4.89. Calc for GHzF1oN2Zn: C 46.38, H 3.89, N 4.92H NMR
(CeDg): 0 3.05 (br, 2H, NH), 2.54 (br, 4H, GHg), 1.72 (br, 8H,
CsH1), 1.48 (br, 8H, GH1g). 13C{1H} NMR (C¢D¢): 6 47.9, 27.5,
24.1 CsHip). 1%F NMR (CDg): 6 —118.2 (d, 4FJ = 19.7 Hz,
o-F), —158.0 (t, 2F,J = 19.3 Hz,p-F), —161.9 (m, 4Fm-F).

(PhCH2NMe,),-Zn(CsFs)2 (8). Compoundd was prepared in a

manner analogous to that described fousing N-dimethylben-
zylamine (0.77 g, 5.6 mmol) and Zn{k),-toluene (1.39 g, 2.8
mmol). Colorless crystals were obtained from a minimum volume
of toluene cooled to—25 °C overnight (1.74 g, 93%). Anal.
Found: C53.33, H 3.86, N 4.37. Calc fogdEoeF10N-Zn: C 53.79,
H 3.91, N 4.18H NMR (CgDg): 6 7.27—-7.11 (m, 10H, GHs),
3.56 (s, 4H, Ey), 2.08 (s, 12H, El3). 13C{*H} NMR (CgDg): o
130.7, 129.0, 128.9C¢Hs), 63.7 CHy), 45.1 CH3). 1%F NMR
(CeDg): 6 —115.5 (d, 4HJ = 18.8 Hz,0-F), —156.0 (t, 2H,J =
19.7 Hz,p-F), —161.2 (m, 4HmF).

Acknowledgment. We are grateful to the Engineering and
Physical Sciences Research Council for a studentship (A.J.M.),
access to the National Crystallography Service, and the use of
the Chemical Database Service at Daresbury.

Supporting Information Available: CIF containing the crystal-
lographic information for compounds-8. This material is available
free of charge via the Internet at http://pubs.acs.org.

OMO060319D



