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Unexpectedly Lengthened N-H---Co Hydrogen Bonds?
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Low-temperature crystal structures of Quif€b(CO),~, 1 (QuinH" = quinuclidinium), (DABCO)H Co(CO}P-
(p-tolyl)s~, 2, and (DABCO)H Co(CO}PPh(p-tolyl)~, 3 (DABCO = 1,4-diazabicyclooctane}, and3 as their
acetonitrile solvates, demonstrate that these salts exhibit intermolecttldr-NCo hydrogen bonding between

the cation and anion components. NMR and IR data demonstrate the persistence of these interactions in toluene
solution. Such solution-state data, which examine solvated ion pairs, suggest little difference between these salts
and the corresponding previously reported salts (DABC@&{COXL~ (4, L = CO;5, L = PPh). However,

in the solid state, the NH---Co hydrogen bonds ifi—3 are some 0.120.15 A longer than would be predicted

from consideration of the structures 4fand5 and the aforementioned similarity ®band5 in solution. In

previous reports we have shown that major steric or electronic changes to the anion or cation have resulted in
substantial changes (0.48.3 A) in the N+-Co [H---Co] separation for NH---Co hydrogen bonds in related
RsNHTCo(CO}L~ (L = CO, PR) salts. In this report, we present examples in which small changes are made

to the anion or cation remote from the-i---Co hydrogen bond. In the solid state, the effect of these small
changes on this hydrogen bond is subsumed by the effect of changes in the supramolecular structure. This clearly
indicates the sensitivity of the geometry of these hydrogen bonds to the overall balance of intermolecular interactions
in the solid state and as such is pertinent to current interest in weak (intermolecular) interactions for which
characterization by X-ray crystallography is important.

Introduction been twofold, stressing hydrogen bonds involving metal-bound
ligands? which in some cases may exhibit characteristics not

Hydrogen bonds are arguably the strongest and most direc- . ) . .
ydrog g 4 g prevalent in organic chemistfyand, more pertinent to the

tional of noncovalent interatomic interactions. Such interac- . . . "
tions have been studied for decadegt there are stilmany present work, introducing the idea that transition metals can

surprisesand there is much yet to understand. The importance thémselves participate directly in hydrogen bonding.in
of hydrogen bonds has been long established in organic recent years, we and others have reported a number of transition

chemistry, including as it pertains to small molecules and metal complexes in which electron-rich, low-oxidation-state late
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transition metals serve as hydrogen baadeptor$’ participat- Chart 1. N—H---Co Hydrogen-Bonded “Molecular”

ing directly in the three-center hydrogen bonding interaction, Structures ofl—5 (ptol = p-tolyl).

D—H:---ML, (D = hydrogen bond donor). Conversely, in some H

circumstances, transition metal hydrides have been shown to N N N N

act as hydrogen bondonors® L,M—H-+-A (A = hydrogen @ [ﬁj [fj [fj [fj

bond acceptor). Such systems are clearly relevant to an H H B u B

understanding of protonation/deprotonation of metal centers and oc—_{ .28 oc—} =% oc— i % oc—_ £ OC L -0

have been implicated in such reactioR8! We have also I

previously suggested thattH---ML , hydrogen bonds may play :T

a role in (stepwise, heterolytic) oxidative addition reactions at

some metal centef. In related systems, the propensity of

hydridic metal hydrides to form hydrogen bonds of the type

D—H---H—ML has been clearly demonstrated by Crabtree and . . .

co-workerd® and by other group¥ and the role of such as that observed as a rgsult of major steric and/or electronic

hydrogen bonds in the protonation of metal hydrides and changes noted earlier (vide supra).

deprotonation of metal dihydrogen complexes is implic&ted. In work of some relevance to the present study, Orpen and
Our previous studies of salts of the typeN®R{TCo(CO}L~ Martln haye shown_ recently that everramoleculargeometries

(L = CO, PPR)St-d have focused on such salts in which the N the solid-state, ie., covalent' bond lengths, angles, etc., can

cation and anion are linked via an-¥i-=-Co hydrogen bond. be affected substan_tlally by their molecular and crystal environ-

The length of this hydrogen bond has been shown to be ment!! Maseras, Eisenstein, Caulton, and co-worker; have alsp

substantially affected by the steric demands of the amine donor&cently demonstrated the unexpected effect of substituent steric

and the basicity of the cobalt center (H bond acceptor). Thus, bulk in promotlngthe formation of agos'tl(.: interactions for which

on changing from a somewhat sterically demanding amindl, Et electronic factors alone were insufficient to expl&n.The

to one that is less so, e.g., Meor DABCO (DABCO= 1,4- present work provides another example of the perturbing effect
diaza[2.2.0]bicyclooctane), the-NCo [H-++Co] separation is  Of interactiongemotefrom that which is the focus of attention.

reduced by ca. 0.3 Bb.d.7a This separation is further reduced The consequences of this finding are discussed in the broader

by ca. 0.15 A for the Co(C@).~ anion when changing from L context of current interest in weak interactions in inorganic
= CO to L= PPh.% In both cases this determination was Cchemistry.

made by X-ray crystallography. In the latter case, spectroscopic ) .

measurements in solution and theoretical calculations confirmed EXPerimental Section

that the change in length was also associated with a change in - General Procedures and Instrumentation. All manipulations of

'« T A ]
I A %

2 3 4 5

in the present systems (relativedor 5) is of similar magnitude

strength of the hydrogen bond of the isolated ion ffir. oxygen- and/or water-sensitive materials were carried out under an

The present work describes the spectroscopic and crystal-atmosphere of argon either using Schlenk-line techniques or in a
lographic characterization of three compounds, (Quirt§b- Vacuum Atmospheres drybox. NMR spectra were recorded on a Bruker
(CO),~, 1 (Quin = quinuclidine), (DABCO)H Co(CO}P (p- ARX-500 spectrometer. IR spectra were recorded on either a Perkin-

tolyl)s~, 2, and (DABCO)H Co(CO}PPh(p-tolyl)~, 3 (Chart Elmer.160(_J §eries or Mattson 6020 F.T-IR. s_pectrometer.

1). These compounds differ electronically in only a minorway  (Quinuclidine)H*Co(CO)s~ 1. (Quinudidine)HCo(CO)~ was
from either (DABCO)H—CO(CO)},_ 4or (DABCO)H—FCO(COk' prepgred Ina marmer Slmll.al' to that used for reIatQ‘dI-IR*Co(CO){
PPk~ 5, which we have reported previou$fand are sterically Spec'e§' In a typical reaction, C4CO) (0.75 g, 2.19 mmol) was
equivalent to4 and5 in the vicinity of the donor (N-H) and dissolved in hexane (20 mL) and, at room temperathiré-dimeth-

. . L ylformamide (5 mL, 64 mmol) was added. The solution was stirred
acceptor (Co). In contrast to the minor differences indicated for 1 h, after which two layers had formed; the upper layer was colorless

by solution spectroscopy in the geometry of the ion pairs of  and the bottom one pink. The solution was cooled-&8 °C, and 5
relative to4 and of2 or 3 relative to5, substantial differences  mL of 1 M HCI solution was slowly added. After the addition was

in the solid-state geometry of the-NH---Co hydrogen bond completed, the solution was allowed to warm and was stirred for 15

are observed. Indeed, perturbation of theHit--Co geometry min, yielding a pale yellow top layer (HCo(C@)and a blue bottom
layer (CoC}). The blue layer was removed, and the yellow solution

(8) (a) Adams, M. A.; Folting, K.; Huffman, J. C.; Caulton, K. Borg. was washed three times with equal portions of degass€d(iHD mL)
Chem 1979 18, 3020. (b) Epstein, L. M.; Shubina, E. S.; Krylov, A.  and afterward dried at 78 °C over ROs for 30 min. The dry yellow
N.; Kreindlin, A. Z.; Rybinskaya, M. 1J. Organomet. Cheni993 solution containing the HCo(C@yvas added to a toluene solution (30

447, 277. (c) Fairhurst, S. A.; Henderson, R. A; Hughes, D. L.; ) of quinuclidine (0.24 g, 2.15 mmol) at liquid nitrogen temperature.

Ibrahim, S. K.; Pickett, C. JJ. Chem. Sa¢ Chem. Commurl995 L )
1569. (d) Peris, E.; Crabtree, R. BL. Chem. SagChem. Commun Once the addition was completed, the solution was allowed to slowly

1995 2179. (e) Braga, D.; Grepioni, F.; Tedesco, E.; Biradha, K.; Warm back to room temperature, resulting in the immediate formation

Desiraju, G. ROrganometallics1996 15, 269. of a white precipitate, which was separated and dried under reduced
(9) (a) Lee, J. C; Peris, E.; Rheingold, A. L.; Crabtree, R.JHAM. pressure. Crystals were grown from a toluene solution of the white

Chem. Soc1994 116 11014. (b) Peris, E.; Lee, J. C.; Rambo, J. R, powder, which was also used for the spectroscopic characterization.

Eisenstein, O.; Crabtree, R. H. Am. Chem. Sod.995 117, 3485. 1H NMR: (500 MHz, GDsCDs, 298 K) 6 2.34 (m, CH), 0.90 (septet,

(c) Peris, E.; Wessel, J.; Patel, B. P.; Crabtree, RJ.HChem. Soc., ]
Chem. Commurl995 2175. (d) Wessel, J.; Lee, J. C., Jr.; Peris, E.; CH), 0.71 (m, CH), 9.8 (br, N-H); (500 MHz, GDsCD, 188 K) 0

Yap, G. P. A.; Fortin, J. B.; Ricci, J. S.; Sini, G.; Albinati, A.; Koetzle, ~2.15 (m, CH), 0.84 (septet, CH), 0.61 (m, G} 9.4 (br, N-H). *C

T. F.; Eisenstein, O.; Rheingold, A. L.; Crabtree, RAngew. Chem NMR: (125.7 MHz, GDsCDs, 298 K) 6 46.1 (s, N-CHy), 22.3 (s,
Int. Ed. Engl 1995 34, 2507. (e) Richardson, T. B.; Koetzle, T. F.;  C—CHj), 19.0 (s,CH), no signal observed for CO ligands; (125.7 MHz,
Crabtree, R. HInorg. Chim. Actal996 250, 69. CeDsCDs, 193 K) 6 45.4 (s, N-CHy), 21.7 (s, G-CHy), 18.2 (s,CH),

(10) (a) Stevens, R. C.; Bau, R.; Milstein, D.; Blum, O.; Koetzle, TJF.
Chem. Sog Dalton Trans.199Q 1429. (b) Park, S.; Ramachandran,

R.; Lough, A. J.; Morris, RJ. Chem. Soc., Chem. Commu994 (11) (a) Martn, A.; Orpen, A. GJ. Am. Chem. S0d.996 118 1464. (b)
2201. (c) Lough, A. J.; Park, S.; Ramachandran, R.; MorrisJ.R. Martin, A.; Orpen, A. G.Trans. Am. Crystallogr. Assod995 31,
Am. Chem. Sod.994 116, 8356. (d) Shubina, E. S.; Belkova, N. V; 31.

Krylov, A. N.; Vorontsov, E. V.; Epstein, L. M.; Gusev, D. G.; (12) Ujaque, G.; Cooper, A. C.; Maseras, F.; Eisenstein, O.; Caulton, K.
Niedermann, M.; Berke, Hl. Am. Chem. Sod.996 118 1105. G.J. Am. Chem. Sod 998 120, 361.
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Table 1. Data Collection, Structure Solution, and Refinement Parameters—{8r

Brammer et al.

1

2

3

cryst color, habit
cryst size (mm)

colorless, prisms
0.1% 0.17 x 0.05

yellow, triangular prism
0.22x 0.18x 0.10

yellow, prisms
0.45x 0.40x 0.20

cryst syst triclinic triclinic monoclinic
space groupZ P12 P1, 2 P2i/c, 4

a(h) 7.1156(1) 9.4915(1) 9.144(5)

b (A) 9.4351(1) 10.8733(2) 18.229(9)
c(A) 9.5947(1) 15.7902(2) 17.280(9)

o (deg) 80.511(1) 95.065(1) 90

p (deg) 81.006(1) 106.349(1) 92.34(4)

y (deg) 86.079(1) 99.474(1) 90

V (A3 626.93(2) 1526.71(4) 2878(3)
density (g/cr) 1.500 1.308 1.324

temp (K) 208(5) 143(5) 143(5)

u(Mo Kar) (mm™2) 1.370 0.650 0.687

6 range (deg) 2.1829.81 1.36-32.48 1.62-24.99
reflns collected 9464 35797 5408

indep refinsn (Riny) 3273 (0.030) 10097 (0.065) 5067 (0.147)
obsd ( > 2.00(1)) 2855 6508 1752
least-squares paran) ( 210 374 330

restraints ) 0 0 139
R1(F),2wR2(F?)?2 (1 > 2.00(1)) 0.031, 0.076 0.054, 0.108 0.116, 0.215
SF)a (1 > 2.00(1)) 1.055 1.29 1.28

“R1F) = T(Fel — IF)/3IFol; WR2() = [SW(Fe2 — FAYIWF1% S(F?) = [Sw(Fe? — F&?(n — P2

no signal observed for CO ligands. IR (cHi (CDsCN)#(CO) 1891 Table 2. Selected Interatomic Distances (A) and Angles (deg) for

(s); (GDsCDs) »(CO) 2020 (w), 1931 (w), 1896 (5). 1-3
(DABCO)H *Co(CO)sP(p-tolyl)s~ 2. (DABCO)HCo(CO}P(p- 1 2 3
tolyl)s~ was prepared as noted pre\(lou_sly for (DAB(_:O):HJ(CO)g- Co—P 2.198(1) 2.177(3)
FfPhg b4 Thus, HCo(CO) prepared in situ, as descrlpgd fb,rwas. Co—C(1) 1.772(2) 1.742(2) 1.71(2)
first vacuum transferred to a toluene solution containing 1 equiv of  Co—C(2) 1.757(2) 1.743(3) 1.74(2)
the phosphine ligand and stirredrft h prior to the introduction 1 Co—C(3) 1.771(2) 1.739(2) 1.705(14)
equiv of the diamine. Compoun® was isolated as its acetonitrile Co—C(4y 1.777(2)
solvate, a yellow crystalline product, by direct crystallization-3 Co*N 3.563(2) 3.372(2) 3.347(6)
°C from an acetonitrile solution of the crude mixture of products that ~ C(1)~O(1) 1.151(2) 1.170(3) 1.18(2)
included the phosphine-substituted cobalt carbonyl hydride HCa(CO) ~ C(2)-0(2) 1.153(2) 1.157(3) 1.16(2)
(P(p-tolyl)3), (identified in the!H NMR of the crude product by a signal C(3)-0(3) 1.152(2) 1.171(3) 1.175(14)
at ca.0 —10, with coupling to thé'P nuclei) and some decomposition |C3:£4c);_101(4)a 1.150(2) 1.849(2 1.828(12
products. Crystals were selected for use in the X-ray diffraction study, P—C(Zl) 1.832(2) 1'836(12)
and the remaining crystals & were redissolved for spectroscopic _ (21) 832(2) -836(12)
™ P—C(31) 1.839(2) 1.829(12)
characterization.!H NMR: (500 MHz, GDsCDgs, 298 K) 6 2.36 (s,
CH,); (500 MHz, GDsCDs, 188 K) 6 2.31 and 1.73 (s, CH, 13.2 (s, P—Co—C(1) 108.00(8) 99.9(5)
NH): (500 MHz, CDCN, 298 K)o 2.94 (s, CH); (500 MHz, CDCN, g*ggfggg igg-jgg; igz-ggg

240 K) 6 2.91 (s, CH). °C NMR: (125.7 MHz, GDsCDs, 298 K)
46.8 (s, CH), no signal observed for CO ligands; (125.7 MHzP&
CDs, 193 K) 6 43.5 (s, CH), no signal observed for CO ligand$!P
NMR: (202.5 MHz, GDsCDs, 298 K) 6 57.7; (202.5 MHz, @DsCDs,
188K)6 60.0. IR (cml): (CDsCN) »(CO) 1925 (w), 1834 (s); (Ds-
CDs) »(CO) 1965 (w), 1856 (m).

(DABCO)H *Co(CO)sPPhy(p-tolyl) - 3. (DABCO)HCo(COWPPh-
(p-tolyl)~ was prepared in the same manneRasd again isolated as
its acetonitrile solvate, a yellow crystalline product, by direct crystal-  yansferred to the cold nitrogen stream of the diffractometer. For each
lization at—23 °C from an acetonitrile solution of the crude mixture  ompyound, intensity data sets were collected for at least two different
of products. Crystals were selected for the X-ray diffraction study, ¢rystals. The refinements based upon the best of these data sets are
and the remaining crystals & were redissolved for spectroscopic presented herein.
characterization.H NMR: (500 MHz, GDsCDs, 298 K) 6 2.29 (s, Data for 1 and 3 were corrected for absorption using empirical
CHy); 5500 MHz, GDsCDs, 188 K)¢6 2.31 and 1.73 (s, Chj, 13.1 (s, methods based upon the method of Bles&#ugta for2 were corrected
NH). C NMR: (125.7 MHz, GDsCDs, 298 K) 6 46.4 (s, CH), no by semiempirical method4. Each crystal structure was solved by direct
signal observed fo_r CO ligands; (125.7 MHzaDgCDg, 193 K)0 43.7 methods and refined to convergence agafistiata £2 > —30(F2))

(v br s, CH), no signal observed for CO ligand$!P NMR: (202.5 using the SHELXTL suite of progranté. For 1, all non-hydrogen
MHz, CsDsCDs, 298 K) ¢ 60.1; (202.5 MHz, @DsCDs, 188 K)¢ 61.6. atoms were refined anisotropically. All hydrogen atoms were located
IR (cm™): (CDsCN) »(CO) 1926 (w), 1834 (s); (§DsCDs) v(CO) directly from the difference map and refined using unconstrained
1968 (w), 1849 (m). o ) positional parameters and fixed isotropic displacement parameters. For

X-ray Crystal Structure Determinations of 1—3. Intensity data 2, all non-hydrogen atoms were refined anisotropically, ammonium
for 1 and3 were collected using a Siemens SMART CCD-based area pyqrogen, H(1), was refined isotropically, and all methylene hydrogens
detector diffractometer. Data fdt were obtained using a Siemens  \yere refined using a riding model with fixed isotropic displacement
R3m/V diffractometer. In each case, graphite-monochromated &o K
radiation was used. The compounds decompose rapidly in air even in(13) jessing, R. HActa Crystallogr 1995 A51, 33.
the solid state. Thus, crystals were first coated in hydrocarbon oil in (14) SHELXTL 5.9Siemens Analytical X-ray Instruments, Inc.: Madison,
the drybox and subsequently mounted on glass fibers and rapidly WI, 1995.

C(1)-Co-C(2)  110.60(8)
C(1-Co-C(3)  113.55(8)
C(1)-Co-C(4)  107.74(8)
C(2-Co-C(3)  110.93(7)
C(2-Co-C(4)  107.49(8)
C(3)-Co—C(4)  107.74(8)

a Axial CO.

113.69(12)  118.1(7)
112.45(11)  112.0(7)

115.10(12)  114.4(8)
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Figure 1. Molecular structure ofl shown with 50% probability
ellipsoids for non-hydrogen atoms.

N(2)

Figure 3. Molecular structure o3 showing major components of
disordered regions. Non-hydrogen atoms are represented by 30%
probability ellipsoids.

interactions involving nearest-neighbor cations and anions. The
focus of this report is the difference of the observedH\--

Co geometries o1—3 in the solid state from those anticipated
based upon (i) structural characterization of similar saksd

5 and (ii) a comparison of solution-state spectroscopic charac-
terization of the hydrogen-bonded ion pairs with thosé ahd

5.

Spectroscopic Studies in Solution.The carbonyl region of
the IR spectra fod shows no significant difference from that
of the relatedt.5d In 1, the absence of the-NH+--Co hydrogen
bond is indicated by a single §lcarbonyl band consistent with
an isolated anion ofy symmetry. The presence of the hydrogen
bond in nonpolar solvents results in distortion of the anion
geometry toCs, symmetry and gives rise to three observable
carbonyl bands (2A+ E). The carbonyl regions of the IR
Figure 2. Molecular structure of2 shown with 50% proabability spectra fol2 and3 show theCs, symmetry of the anion in both
ellipsoids for non-hydrogen atoms. polar (CD;CN) and nonpolar (§DsCD3) solvents (2A + E

bands) and exhibit(CO) stretching vibrations at approximately
parameters. FdB, the DABCO moiety exhibits orientational disorder  the same wavenumbers as previously noted 56f This
about the N--N axis (staggered with respect to the carbonyl groups, indicates no perceptible difference in back-donation to the CO
72%; eclipsed with respect to the carbonyl groups, 28%). The-PPh |igands, thus suggesting no observable difference, by this
(p—tonI_) ligand is also quentatlonally dlsorde_red_such_ that the meth_yl technique, in basicity at the metal center due to exchanging
group is associated with two of the aromatic rings in a 71:29 ratio. pheny! for p-tolyl groups in the phosphine ligands. As in

Non-hydrogen atoms were refined anisotropically using appropriate . . _
constraints and restraints. The positional parameters of ammoniumprevIOUSIy reported related speciesy(&l—H) band could not

hydrogen, H(1), were refined freelyg, fixed); all other hydrogens ~ P€ unalmbiguously identified fat—3.
were refined using a riding model with fixed isotropic displacement ~ The H NMR. spectrum forl (as.an N‘H"‘CQ hydrogen-
parameters. bonded ion pair) in toluends solution shows signals for the

Experimental data pertinent to the structure determinations are giventhree types of CH protons. Analogous to the earlier study of
in Table 1, selected interatomic distances and angles are presented i}, these protons are shifted upfield upon a reduction in the
Table 2, and the molecular structures are presented in Figur8s 1 temperature and ligpfield of the signals for free quinuclidine.
For 1, it is clear that the protons closest to the-N---Co
hydrogen bond undergo the largest shifi NMR ¢ at 298 K

Compoundsl—3 have been characterized in the solid state is 2.34, 0.90, and 0.71, while at 188 K, it is 2.15, 0.84, and
by low-temperature X-ray crystallography and further character- 0.61, presented in order of decreasing proximity to the nitrogen).
ized in solution by variable temperature NMR spectroscopy and The downfield NH signal is typical of this class of salts and is
by IR spectroscopy. The solution-state characterization is of most sensitive to changes in temperature and/or concentration.
solvated N-H---Co hydrogen-bonded ion pairs or solvent- IH NMR studies of2 and 3 in tolueneels solution indicate
separated ions, depending upon the polarity of the solvent. behavior related to that df but most similar to that 05.59 At
However, the crystallographic characterization describes the room temperature, only a singlet is observed for the methylene
same N-H---Co hydrogen-bonded ion pairs subjected to protons of the cation at ca. 2.3 ppm, indicative of a fluxional

Results
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the crystal structure of. Thus, since a crystal represents an
energetic balance of intermolecular interactions, formation of
the higher energy (elongated and eclipsed) form of the ion pair
observed inl must be compensated by other interactions in the
solid state. The crystal structures of bathand 4 exhibit
extensive networks of catieranion C-H---O hydrogen bonds,
and recent attention has been drawn to the importance of such
interactions in determining the arrangement of organometallic
Figure 4. Views of 1 and 4 illustrating eclipsed and staggered Molecules and ions in _the solid stﬁﬂé,b_ However, we cannot
conformations, respectively. Co(CO)anions are shaded with cross-  €Xpect to be able to point to a specific intermolecular interaction
hatching; nitrogens of the cation are shaded with diagonal lines. that provides the energetic compensation inferred for the
structure ofl. Nevertheless, the differences betwdeand 4
process discussed previoufslin which the N-H-+-Co hydrogen that most probably contribute to this effect can be highlighted.
bond is broken. The chemical shift is also indicative of the Thus, the single chemical difference betwekand 4 is the
close proximity of the anion, which causes the signal to shift replacement of a potential hydrogen bond acceptor (M) by
to slightly upfield of the corresponding resonance for free a potential hydrogen bond donor<{&l) in 1. This necessitates
DABCO (2.4 ppm)*2 Upon a decrease in the temperature, the a change in the packing arrangement of the cations and anions;
methylene signal shifts further upfield and broadens then splits as in the crystal structures @fand4, these sites are active in
into separate signals corresponding to the sets of methylenehydrogen bond formation.
groups at the two ends of the cation, as is observedsfor Crystal Structures of 2 and 3. Although crystallized as their
However, at coalescence, the broadened signal overlaps withacetonitrile solvates? and 3 exhibit molecular structures
the methyl signal of the protio-solvent impurity, rendering “similar” to that of the related species (DABCO)Bo-
precise measurement of the coalescence temperature unfeasiblgCOxPPh— 5.5¢ Thus, an approximately linear intermolecular
Nevertheless, it is clear that the coalescence point lies in theN—H---Co hydrogen bond [177°42; 175.5, 3]*® lies trans to
temperature range 2253 K and thus must be similar to that  the phosphine ligand (Figures 2 and 3), and the angles between
observed for (DABCO)HCo(CO}PPh™ (ca. 235 K). Thus, the phosphine and carbonyl ligands are substantially decreased
consistent with the conclusion from the IR data, one must from 109.5 in order to accommodate the hydrogen bond.
conclude that the replacement of phenyl substituents-tojy! Surprisingly, the previously observed trend of shorter hydrogen
groups has at best only a small effect upon the strength of thebonds upon increasing the basicity of the metal céhtemot
N—H---Co hydrogen bond in the isolated solution ion pair and continued in2 and 3, which exhibit N+--Co [and H--Co]*®
thus presumably on the basicity of the cobalt center. In this separations, 3.371(2) [2.32 A] f@and 3.347(6) [2.30 A] for
regard, it should be noted that the importance of electronic 3, slightly greater than those of the triphenylphosphine-
aspects of Lewis acitbase interactions can sometimes be substituted analogué, 3.294(6) [2.25 A], though still ap-
overemphasized, as seen in a recent study of agostic interactiongreciably shorter than those of parent tetracarbonylcobaltate
at very electron deficient metal centers where steric effects werespecies4 (vide supra). As irb, the bond angles of the anions
determined to be at least as importéht. in 2 and 3 also deviate by up to a few degrees from those of
Finally, it should also be noted th&tf NMR spectra of2 the idealizedCz symmetry. Again, one has to look to the
and 3 in CDsCN solution, where the salts exist as solvent- ensemble of intermolecular interactions in these structures to
separated ions, show no upfield shift or broadening of the provide an explanation for the unexpectedly lengthenediN
methylene signal upon a decrease in the temperature. Further--Co hydrogen bonds i and3. As already noted fot and4,
more, in the absence of the close interaction with the anion, the crystal structures o and 3 (and 5) possess extensive
these protons resonate at ca. 2.9 ppm over the temperature rangeetworks of C-H---O hydrogen bonds, and it is inevitably the
300240 K. This isdownfieldof the signal for free DABCO energetic balance of these and other (van der Waals) interactions
and more typical of CH protons adjacent to an ammonium that permits the observed variability of the-N---Co hydrogen
center. bond length across this series of structures. The most obvious
Crystal Structure of 1. The structure of the hydrogen- differences between the crystal structure2@ind3 and that
bonded ion pair forl shows marked differences from that of of 5 are replacement of phenyl groups jpyolyl groups at the
the (DABCO)H"Co(CO),~ analogue4 reported earliefd Al- molecular level and the incorporation of acetonitrile solvent
though the two amines, quinuclidine and DABCO, are very molecules in the structures @ and 3 at the supramolecular
similar sterically and quite similar electronically (viz. amine level. However, as in the case band4, one can only identify
basicity), the structural features of the two salts are on the these differences and cannot expect to identify a specific
contrary rather different. In both cases, the cation and anion interaction or interactions that account for the difference in
are linked via an approximately linearNH---Co hydrogen bond N—H:---Co hydrogen bond geometries across this series.
(172.4 in 1'%). However, the N--Co [H:--Co]*® separation in
1 is some 0.13 A longer than that # (3.563(2) [2.519] vs  Discussion
3.437(3) [2.392] A). Furthermore, while #the three “equato-
rial” carbonyls are staggered about the-4€o vector with
respect to the methylene groups attached to the ammonium
nitrogen, in1, the conformation is eclipsed (Figure 4). Itis
reasonable to presume that the lowest energy arrangement fo
a single isolated ion pair should be similar to that observed in

X-ray crystallography remains a major tool for studying
hydrogen-bonding interactions despite the well-known limita-
tions of this technique in precisely locating hydrogen atoms.
rlndeed, the relative strengths of individual hydrogen bonds are
sometimes inferred from their geometry in a crystalline solid
material. However, this is a practice fraught with problems.
(15) Calculated by extending (or contracting) the N distance along the Hydrogen bonds, although stronger than most intermolecular

determined N-H vector to yield a value of 1.05 A as determined by ~INteractions, are clearly weak bonds (typicaty0 kcal/mol).
neutron diffraction for ENH*Co(CO).5- Thus, their geometry can be anticipated to be quite sensitive to
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the surroundings, where among other factors the existence ofacterizations of such weak interactions must inevitably be
other hydrogen bonds leads to mutual distortions. On this topic, considered in the context of the overall supramolecular arrange-
Jeffrey states in a recent authoritative #xhat “In the solid ment. As is thus evident from the present study, much more
state, the packing of molecules is determined by their shapework is needed in order to understand the interrelation of
and a variety of intermolecular forces, of which the hydrogen intermolecular interactions. This includes determining the
bond is only one, not necessarily the dominant one. For this strengths of different types of interactions and examining
reason, more structural variety [of hydrogen bonds] is observed preferred supramolecular arrangements. Indeed, while the
than in gas-phase hydrogen-bonded dimers and adducts.”understanding of chemistry and molecular synthesis based upon
Indeed, recent work has shown that intermolecular interactions covalent bonds is a relatively mature discipline, the correspond-
can even lead to substantial and quite significant distortions of ing understanding and application of intermolecular bonding

covalent bond geometries in the solid stéte. to supramolecular synthe&ig®is by contrast still in its infancy.
In our previous reports on factors affecting the geometry and  Finally, in a Nature editorial 10 years ago, John Maddox
strength of N-H-:-Co hydrogen bonds inRIH*Co(CO)sL opined? that “One of the continuing scandals in the physical

(L = CO, PPR)3t>d salts, we have examined the effect of sciences is that it remains in general impossible to predict the
major changes in either the steric demands of the ammoniumstructure of even the simplest crystalline solids from a knowl-
cation or the basicity of the anion. Such changes have resultededge of their chemical composition.” This statement is quite
in corresponding changes inNCo [and H--CoJ** separations  pertinent to the present study, though it should not be taken to
on the order of 0.150.3 A, as detailed in the Introduction, Suggest that no progress has been made in the area of Crysta|
with decreases in the hydrogen bond length being associatedstructure prediction. Indeed, in the intervening decade, models
either with decreased catiernion steric interaction or in-  have been developed that allow ab initio computation of some
creased anion basicity. In the present study, we examine thecrystal structured! though such models are still far from having
effect of making much smaller molecular changes. Thus, the yniversal applicabilit?l’ The diversity of intermolecular
cations and anions of compountls 3 exhibit the same steric  interactions, their relatively low energies, and their independence
characteristics in the proximity of the NH donor and Co  wjll make such structure prediction a difficult proposition for

acceptor groups as the previously reported salts, i.e., elther most compounds for some time to come. The present work
or 5. Corresponding electronic changes in the cation or anion clearly reinforces this assertion.

are also very minor (i.e.l vs 4; 2 or 3 vs 5). However,

examination of the N-H---Co hydrogen bond geometries of cgnclusions

1-3 shows that the effect of these minor changes at the

molecular level has been overwhelmed in the solid state by the Three new examples of NH+--Co hydrogen-bonded salts

effect of changes at the supramolecular level. Indeed all involving the tetracarbonylcobaltatel) or tricarbonylphosphi-

exhibit N—H---Co hydrogen bonds in the solid state that are necobaltate{l) anion are reported. Despite the minor differ-

ca. 0.1-0.15 A longer than might have been predicted upon ences, at the molecular level, between these salts and previously

consideration only of previous structure determinations coupled reported examples, each exhibits a markedly longer{0.15

with solution spectroscopic data. A) hydrogen bond in the solid state than would be predicted
Recent work has shown the importance of weak hydrogen based upon previous structure determinations together with

bonds such as-€H-+-O in determining molecular conformations  spectroscopic evidence in solution. Thus, minor changes at the

and supramolecular architectures of organic spé€igglore- molecular level are subsumed by major changes at the supramo-
over, as the result of exhaustive CSDsearches, Braga, lecular level where the overall energetic balance of intermo-
Grepioni, Desiraju, and co-workers have demonstfét&dhat lecular interactions is important in determining the geometry

rather weak but very abundant hydrogen bonds such-ad4-C of any given interaction. This contrasts with our previous
--O are important in determining the arrangement of molecules reports, in which changes at the molecular level were clearly
and ions in the crystal structures of transition metal carbonyl large enough to dominate the changes in theHN:-Co
complexes. Extensive networks of-El---O hydrogen bonds hydrogen bond even in the solid state. Although, in those cases,
are present in the crystal structureslef3 (also4 and5). As the contribution of supramolecular changes to the change in
indicated above, changes in this ensemble of hydrogen bondsthe N—H--Co hydrogen bond geometry was not readily
is most probably a major contributor to the “unexpected” quantified.
changes in the NH---Co geometry inl—3.

Since the vast majority of the crystallographic studies are (1g) (a) For a recent review, see: Crabtree, RAHgew. Chemint. Ed.
conducted to elucidate the molecular structure, we often tend Eng 1993 32, 789. (b) For a remarkable recent example of a metal
to ignore or overlook intermolecular interactions occurring in aclkaAn-eBCSerEszev?/:JEX?nnSc’:Eénqul;s%gggsﬁ%aé 1333B§ruﬁeRf'e;1 CFfeed’
the crystal Strucmr.e O_r Perhaps more, dangerous still fOC_US on thét 'fhe )érilstélldgrabhicall.y deter'mined -F’Q distancés in this
the geometry of individual interactions. The conclusions complex must be dependent upon the overall energetic balance a
presented here do not pertain only to these systems but have variety of intermolecular interactions, in addition to the specificHC-

; ; ot ; ; ; Fe interaction, is implicitly recognized by the authors of this study,
wider implications to the study of all weak interactions in the who point out that the complex is stabilized by the cavity in which

solid staj[e. In inqrganic chemistry, for example, thel;e is much the alkane resides. Distances calculated for model complexes differ
current interest ino-bond complexé$ and in a variety of from crystallographic values by ca. 6:0.2 A.

hydrogen bonds that involve transition metals, as noted in the (19) CDeSit'anU' G. R, Ed?erfpeclwefzi“t.tsuﬂra’?‘%i‘?ur']ar fhengtéY:vTPe
Introduction. Geometries derived from crystallographic char- ZWS al as a Supramolecular Entityiley: Chichester, » VoL

(20) Maddox, JNature 1988 335, 201.

(16) (a) Nishio, M.; Hirota, M.Tetrahedron1989 45, 7201. (b) Nishio, (21) For example see: (a) Gavezotti, A. Am. Chem. Sod991 113
M.; Umezawa, Y.; Hirota, M.; Takeuchi, YTetrahedron1995 51, 4622. (b) Karfunkel, H. R.; Gdanitz, R. J. Comput. Chem1992
8665. (c) Steiner, TCrystallogr. Re. 1996 6, 1. (d) Desiraju, G. R. 13, 1171. (c) Perlstein, J. Am. Chem. Sod 992 114, 1955. (d)
Acc. Chem. Red996 29, 441. Perlstein, JJ. Am. Chem. Sod994 116, 11420. (e) Price, S. L.;

(17) Allen, F. H.; Kennard, OChem. Design Automation NewW893 8, Wibley, K. S.J. Phys. Chem. A997 101, 2198. (f) Gavezotti, A.

1, 31-37. Acc. Chem. Red994 27, 309.
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