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Low-temperature crystal structures of QuinH+Co(CO)4-, 1 (QuinH+ ) quinuclidinium), (DABCO)H+Co(CO)3P-
(p-tolyl)3

-, 2, and (DABCO)H+Co(CO)3PPh2(p-tolyl)-, 3 (DABCO ) 1,4-diazabicyclooctane),2 and3 as their
acetonitrile solvates, demonstrate that these salts exhibit intermolecular N-H‚‚‚Co 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 (DABCO)H+Co(CO)3L- (4, L ) CO; 5, L ) PPh3). However,
in the solid state, the N-H‚‚‚Co hydrogen bonds in1-3 are some 0.1-0.15 Å longer than would be predicted
from consideration of the structures of4 and 5 and the aforementioned similarity to4 and 5 in solution. In
previous reports we have shown that major steric or electronic changes to the anion or cation have resulted in
substantial changes (0.15-0.3 Å) in the N‚‚‚Co [H‚‚‚Co] separation for N-H‚‚‚Co hydrogen bonds in related
R3NH+Co(CO)3L- (L ) CO, PR3) salts. In this report, we present examples in which small changes are made
to the anion or cation remote from the N-H‚‚‚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

Hydrogen bonds are arguably the strongest and most direc-
tional of noncovalent interatomic interactions. Such interac-
tions have been studied for decades,1 yet there are stillmany
surprisesand there is much yet to understand. The importance
of hydrogen bonds has been long established in organic
chemistry, including as it pertains to small molecules and
macromolecules of biological relevance.1a Applications range
from understanding biological structure1a and biochemical
mechanisms to the design of new materials based upon
hydrogen-bonded networks.2

Over the past decade, emerging research has brought to light
the importance of hydrogen bonds in inorganic chemistry and
particularly in transition metal chemistry.3 The emphasis has

been twofold, stressing hydrogen bonds involving metal-bound
ligands,4 which in some cases may exhibit characteristics not
prevalent in organic chemistry,5 and, more pertinent to the
present work, introducing the idea that transition metals can
themselves participate directly in hydrogen bonding.6-8 In
recent years, we and others have reported a number of transition
metal complexes in which electron-rich, low-oxidation-state late
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transition metals serve as hydrogen bondacceptors,6,7 participat-
ing directly in the three-center hydrogen bonding interaction,
D-H‚‚‚MLn (D ) hydrogen bond donor). Conversely, in some
circumstances, transition metal hydrides have been shown to
act as hydrogen bonddonors,8 LnM-H‚‚‚A (A ) hydrogen
bond acceptor). Such systems are clearly relevant to an
understanding of protonation/deprotonation of metal centers and
have been implicated in such reactions.7b,h,i We have also
previously suggested that D-H‚‚‚MLn hydrogen bonds may play
a role in (stepwise, heterolytic) oxidative addition reactions at
some metal centers.3a In related systems, the propensity of
hydridic metal hydrides to form hydrogen bonds of the type
D-H‚‚‚H-MLn has been clearly demonstrated by Crabtree and
co-workers3f,9 and by other groups,10 and the role of such
hydrogen bonds in the protonation of metal hydrides and
deprotonation of metal dihydrogen complexes is implicated.9b

Our previous studies of salts of the type R3NH+Co(CO)3L-

(L ) CO, PPh3)6b-d have focused on such salts in which the
cation and anion are linked via an N-H‚‚‚Co hydrogen bond.
The length of this hydrogen bond has been shown to be
substantially affected by the steric demands of the amine donor
and the basicity of the cobalt center (H bond acceptor). Thus,
on changing from a somewhat sterically demanding amine, Et3N,
to one that is less so, e.g., Me3N or DABCO (DABCO ) 1,4-
diaza[2.2.0]bicyclooctane), the N‚‚‚Co [H‚‚‚Co] separation is
reduced by ca. 0.3 Å.6b,d,7a This separation is further reduced
by ca. 0.15 Å for the Co(CO)3L- anion when changing from L
) CO to L ) PPh3.6d In both cases this determination was
made by X-ray crystallography. In the latter case, spectroscopic
measurements in solution and theoretical calculations confirmed
that the change in length was also associated with a change in
strength of the hydrogen bond of the isolated ion pair.6d

The present work describes the spectroscopic and crystal-
lographic characterization of three compounds, (Quin)H+Co-
(CO)4-, 1 (Quin ) quinuclidine), (DABCO)H+Co(CO)3P(p-
tolyl)3

-, 2, and (DABCO)H+Co(CO)3PPh2(p-tolyl)-, 3 (Chart
1). These compounds differ electronically in only a minor way
from either (DABCO)H+Co(CO)4- 4 or (DABCO)H+Co(CO)3-
PPh3- 5, which we have reported previously,6d and are sterically
equivalent to4 and5 in the vicinity of the donor (N-H) and
acceptor (Co). In contrast to the minor differences indicated
by solution spectroscopy in the geometry of the ion pairs of1
relative to4 and of2 or 3 relative to5, substantial differences
in the solid-state geometry of the N-H‚‚‚Co hydrogen bond
are observed. Indeed, perturbation of the N-H‚‚‚Co geometry

in the present systems (relative to4 or 5) is of similar magnitude
as that observed as a result of major steric and/or electronic
changes noted earlier (vide supra).

In work of some relevance to the present study, Orpen and
Martı́n have shown recently that evenintramoleculargeometries
in the solid-state, i.e., covalent bond lengths, angles, etc., can
be affected substantially by their molecular and crystal environ-
ment.11 Maseras, Eisenstein, Caulton, and co-workers have also
recently demonstrated the unexpected effect of substituent steric
bulk in promotingthe formation of agostic interactions for which
electronic factors alone were insufficient to explain.12 The
present work provides another example of the perturbing effect
of interactionsremotefrom that which is the focus of attention.
The consequences of this finding are discussed in the broader
context of current interest in weak interactions in inorganic
chemistry.

Experimental Section

General Procedures and Instrumentation. All manipulations of
oxygen- and/or water-sensitive materials were carried out under an
atmosphere of argon either using Schlenk-line techniques or in a
Vacuum Atmospheres drybox. NMR spectra were recorded on a Bruker
ARX-500 spectrometer. IR spectra were recorded on either a Perkin-
Elmer 1600 series or Mattson 6020 FT-IR spectrometer.

(Quinuclidine)H +Co(CO)4- 1. (Quinudidine)H+Co(CO)4- was
prepared in a manner similar to that used for related R3NH+Co(CO)4-

species.6 In a typical reaction, Co2(CO)8 (0.75 g, 2.19 mmol) was
dissolved in hexane (20 mL) and, at room temperature,N,N-dimeth-
ylformamide (5 mL, 64 mmol) was added. The solution was stirred
for 1 h, after which two layers had formed; the upper layer was colorless
and the bottom one pink. The solution was cooled to-78 °C, and 5
mL of 1 M HCl solution was slowly added. After the addition was
completed, the solution was allowed to warm and was stirred for 15
min, yielding a pale yellow top layer (HCo(CO)4) and a blue bottom
layer (CoCl2). The blue layer was removed, and the yellow solution
was washed three times with equal portions of degassed H2O (10 mL)
and afterward dried at-78 °C over P2O5 for 30 min. The dry yellow
solution containing the HCo(CO)4 was added to a toluene solution (30
mL) of quinuclidine (0.24 g, 2.15 mmol) at liquid nitrogen temperature.
Once the addition was completed, the solution was allowed to slowly
warm back to room temperature, resulting in the immediate formation
of a white precipitate, which was separated and dried under reduced
pressure. Crystals were grown from a toluene solution of the white
powder, which was also used for the spectroscopic characterization.
1H NMR: (500 MHz, C6D5CD3, 298 K)δ 2.34 (m, CH2), 0.90 (septet,
CH), 0.71 (m, CH2), 9.8 (br, N-H); (500 MHz, C6D5CD3, 188 K) δ
2.15 (m, CH2), 0.84 (septet, CH), 0.61 (m, CH2), 9.4 (br, N-H). 13C
NMR: (125.7 MHz, C6D5CD3, 298 K) δ 46.1 (s, N-CH2), 22.3 (s,
C-CH2), 19.0 (s,CH), no signal observed for CO ligands; (125.7 MHz,
C6D5CD3, 193 K) δ 45.4 (s, N-CH2), 21.7 (s, C-CH2), 18.2 (s,CH),
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Chart 1. N-H‚‚‚Co Hydrogen-Bonded “Molecular”
Structures of1-5 (ptol ) p-tolyl).
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no signal observed for CO ligands. IR (cm-1): (CD3CN) ν(CO) 1891
(s); (C6D5CD3) ν(CO) 2020 (w), 1931 (w), 1896 (s).

(DABCO)H +Co(CO)3P(p-tolyl) 3
- 2. (DABCO)H+Co(CO)3P(p-

tolyl)3
- was prepared as noted previously for (DABCO)H+Co(CO)3-

PPh3-.6d Thus, HCo(CO)4 prepared in situ, as described for1, was
first vacuum transferred to a toluene solution containing 1 equiv of
the phosphine ligand and stirred for 1 h prior to the introduction 1
equiv of the diamine. Compound2 was isolated as its acetonitrile
solvate, a yellow crystalline product, by direct crystallization at-23
°C from an acetonitrile solution of the crude mixture of products that
included the phosphine-substituted cobalt carbonyl hydride HCo(CO)2-
(P(p-tolyl)3)2 (identified in the1H NMR of the crude product by a signal
at ca.δ -10, with coupling to the31P nuclei) and some decomposition
products. Crystals were selected for use in the X-ray diffraction study,
and the remaining crystals of2 were redissolved for spectroscopic
characterization.1H NMR: (500 MHz, C6D5CD3, 298 K) δ 2.36 (s,
CH2); (500 MHz, C6D5CD3, 188 K) δ 2.31 and 1.73 (s, CH2), 13.2 (s,
NH); (500 MHz, CD3CN, 298 K)δ 2.94 (s, CH2); (500 MHz, CD3CN,
240 K) δ 2.91 (s, CH2). 13C NMR: (125.7 MHz, C6D5CD3, 298 K) δ
46.8 (s, CH2), no signal observed for CO ligands; (125.7 MHz, C6D5-
CD3, 193 K) δ 43.5 (s, CH2), no signal observed for CO ligands.31P
NMR: (202.5 MHz, C6D5CD3, 298 K)δ 57.7; (202.5 MHz, C6D5CD3,
188 K)δ 60.0. IR (cm-1): (CD3CN) ν(CO) 1925 (w), 1834 (s); (C6D5-
CD3) ν(CO) 1965 (w), 1856 (m).

(DABCO)H+Co(CO)3PPh2(p-tolyl)- 3. (DABCO)H+Co(CO)3PPh2-
(p-tolyl)- was prepared in the same manner as2 and again isolated as
its acetonitrile solvate, a yellow crystalline product, by direct crystal-
lization at-23 °C from an acetonitrile solution of the crude mixture
of products. Crystals were selected for the X-ray diffraction study,
and the remaining crystals of3 were redissolved for spectroscopic
characterization.1H NMR: (500 MHz, C6D5CD3, 298 K) δ 2.29 (s,
CH2); (500 MHz, C6D5CD3, 188 K) δ 2.31 and 1.73 (s, CH2), 13.1 (s,
NH). 13C NMR: (125.7 MHz, C6D5CD3, 298 K) δ 46.4 (s, CH2), no
signal observed for CO ligands; (125.7 MHz, C6D5CD3, 193 K)δ 43.7
(v br s, CH2), no signal observed for CO ligands.31P NMR: (202.5
MHz, C6D5CD3, 298 K)δ 60.1; (202.5 MHz, C6D5CD3, 188 K)δ 61.6.
IR (cm-1): (CD3CN) ν(CO) 1926 (w), 1834 (s); (C6D5CD3) ν(CO)
1968 (w), 1849 (m).

X-ray Crystal Structure Determinations of 1-3. Intensity data
for 1 and3 were collected using a Siemens SMART CCD-based area
detector diffractometer. Data for2 were obtained using a Siemens
R3m/V diffractometer. In each case, graphite-monochromated Mo KR
radiation was used. The compounds decompose rapidly in air even in
the solid state. Thus, crystals were first coated in hydrocarbon oil in
the drybox and subsequently mounted on glass fibers and rapidly

transferred to the cold nitrogen stream of the diffractometer. For each
compound, intensity data sets were collected for at least two different
crystals. The refinements based upon the best of these data sets are
presented herein.

Data for 1 and 3 were corrected for absorption using empirical
methods based upon the method of Blessing;13 data for2 were corrected
by semiempirical methods.14 Each crystal structure was solved by direct
methods and refined to convergence againstF2 data (F2 > -3σ(F2))
using the SHELXTL suite of programs.14 For 1, all non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were located
directly from the difference map and refined using unconstrained
positional parameters and fixed isotropic displacement parameters. For
2, all non-hydrogen atoms were refined anisotropically, ammonium
hydrogen, H(1), was refined isotropically, and all methylene hydrogens
were refined using a riding model with fixed isotropic displacement

(13) Blessing, R. H.Acta Crystallogr. 1995, A51, 33.
(14) SHELXTL 5.0; Siemens Analytical X-ray Instruments, Inc.: Madison,

WI, 1995.

Table 1. Data Collection, Structure Solution, and Refinement Parameters for1-3

1 2 3

cryst color, habit colorless, prisms yellow, triangular prism yellow, prisms
cryst size (mm) 0.17× 0.17× 0.05 0.22× 0.18× 0.10 0.45× 0.40× 0.20
cryst syst triclinic triclinic monoclinic
space group,Z P1h, 2 P1h, 2 P21/c, 4
a (Å) 7.1156(1) 9.4915(1) 9.144(5)
b (Å) 9.4351(1) 10.8733(2) 18.229(9)
c (Å) 9.5947(1) 15.7902(2) 17.280(9)
R (deg) 80.511(1) 95.065(1) 90
â (deg) 81.006(1) 106.349(1) 92.34(4)
γ (deg) 86.079(1) 99.474(1) 90
V (Å3) 626.93(2) 1526.71(4) 2878(3)
density (g/cm3) 1.500 1.308 1.324
temp (K) 208(5) 143(5) 143(5)
µ(Mo KR) (mm-1) 1.370 0.650 0.687
θ range (deg) 2.18-29.81 1.36-32.48 1.62-24.99
reflns collected 9464 35797 5408
indep reflns,n (Rint) 3273 (0.030) 10097 (0.065) 5067 (0.147)
obsd (I > 2.0σ(I)) 2855 6508 1752
least-squares params (p) 210 374 330
restraints (r) 0 0 139
R1(F),a wR2(F2)a (I > 2.0σ(I)) 0.031, 0.076 0.054, 0.108 0.116, 0.215
S(F2)a (I > 2.0σ(I)) 1.055 1.29 1.28

a R1(F) ) ∑(|Fo| - |Fc|)/∑|Fo|; wR2(F2) ) [∑w(Fo
2 - Fc

2)2/∑wFo
4]1/2; S(F2) ) [∑w(Fo

2 - Fc
2)2/(n - p)]1/2.

Table 2. Selected Interatomic Distances (Å) and Angles (deg) for
1-3

1 2 3

Co-P 2.198(1) 2.177(3)
Co-C(1) 1.772(2) 1.742(2) 1.71(2)
Co-C(2) 1.757(2) 1.743(3) 1.74(2)
Co-C(3) 1.771(2) 1.739(2) 1.705(14)
Co-C(4)a 1.777(2)
Co‚‚‚N 3.563(2) 3.372(2) 3.347(6)
C(1)-O(1) 1.151(2) 1.170(3) 1.18(2)
C(2)-O(2) 1.153(2) 1.157(3) 1.16(2)
C(3)-O(3) 1.152(2) 1.171(3) 1.175(14)
C(4)-O(4)a 1.150(2)
P-C(11) 1.849(2) 1.828(12)
P-C(21) 1.832(2) 1.836(12)
P-C(31) 1.839(2) 1.829(12)

P-Co-C(1) 108.00(8) 99.9(5)
P-Co-C(2) 102.86(8) 107.9(5)
P-Co-C(3) 103.46(7) 101.9(4)
C(1)-Co-C(2) 110.60(8) 113.69(12) 118.1(7)
C(1)-Co-C(3) 113.55(8) 112.45(11) 112.0(7)
C(1)-Co-C(4) 107.74(8)
C(2)-Co-C(3) 110.93(7) 115.10(12) 114.4(8)
C(2)-Co-C(4) 107.49(8)
C(3)-Co-C(4) 107.74(8)

a Axial CO.
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parameters. For3, the DABCO moiety exhibits orientational disorder
about the N‚‚‚N axis (staggered with respect to the carbonyl groups,
72%; eclipsed with respect to the carbonyl groups, 28%). The PPh2-
(p-tolyl) ligand is also orientationally disordered such that the methyl
group is associated with two of the aromatic rings in a 71:29 ratio.
Non-hydrogen atoms were refined anisotropically using appropriate
constraints and restraints. The positional parameters of ammonium
hydrogen, H(1), were refined freely (Uiso fixed); all other hydrogens
were refined using a riding model with fixed isotropic displacement
parameters.

Experimental data pertinent to the structure determinations are given
in Table 1, selected interatomic distances and angles are presented in
Table 2, and the molecular structures are presented in Figures 1-3.

Results

Compounds1-3 have been characterized in the solid state
by low-temperature X-ray crystallography and further character-
ized in solution by variable temperature NMR spectroscopy and
by IR spectroscopy. The solution-state characterization is of
solvated N-H‚‚‚Co hydrogen-bonded ion pairs or solvent-
separated ions, depending upon the polarity of the solvent.
However, the crystallographic characterization describes the
same N-H‚‚‚Co hydrogen-bonded ion pairs subjected to

interactions involving nearest-neighbor cations and anions. The
focus of this report is the difference of the observed N-H‚‚‚
Co geometries of1-3 in the solid state from those anticipated
based upon (i) structural characterization of similar salts4 and
5 and (ii) a comparison of solution-state spectroscopic charac-
terization of the hydrogen-bonded ion pairs with those of4 and
5.

Spectroscopic Studies in Solution.The carbonyl region of
the IR spectra for1 shows no significant difference from that
of the related4.6d In 1, the absence of the N-H‚‚‚Co hydrogen
bond is indicated by a single (T2) carbonyl band consistent with
an isolated anion ofTd symmetry. The presence of the hydrogen
bond in nonpolar solvents results in distortion of the anion
geometry toC3V symmetry and gives rise to three observable
carbonyl bands (2A1 + E). The carbonyl regions of the IR
spectra for2 and3 show theC3V symmetry of the anion in both
polar (CD3CN) and nonpolar (C6D5CD3) solvents (2A1 + E
bands) and exhibitν(CO) stretching vibrations at approximately
the same wavenumbers as previously noted for5.6d This
indicates no perceptible difference in back-donation to the CO
ligands, thus suggesting no observable difference, by this
technique, in basicity at the metal center due to exchanging
phenyl for p-tolyl groups in the phosphine ligands. As in
previously reported related species, aν(N-H) band could not
be unambiguously identified for1-3.

The 1H NMR spectrum for1 (as an N-H‚‚‚Co hydrogen-
bonded ion pair) in toluene-d8 solution shows signals for the
three types of CH protons. Analogous to the earlier study of
4, these protons are shifted upfield upon a reduction in the
temperature and lieupfieldof the signals for free quinuclidine.
For 1, it is clear that the protons closest to the N-H‚‚‚Co
hydrogen bond undergo the largest shift (1H NMR δ at 298 K
is 2.34, 0.90, and 0.71, while at 188 K, it is 2.15, 0.84, and
0.61, presented in order of decreasing proximity to the nitrogen).
The downfield N-H signal is typical of this class of salts and is
most sensitive to changes in temperature and/or concentration.

1H NMR studies of2 and3 in toluene-d8 solution indicate
behavior related to that of1 but most similar to that of5.6d At
room temperature, only a singlet is observed for the methylene
protons of the cation at ca. 2.3 ppm, indicative of a fluxional

Figure 1. Molecular structure of1 shown with 50% probability
ellipsoids for non-hydrogen atoms.

Figure 2. Molecular structure of2 shown with 50% proabability
ellipsoids for non-hydrogen atoms.

Figure 3. Molecular structure of3 showing major components of
disordered regions. Non-hydrogen atoms are represented by 30%
probability ellipsoids.
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process discussed previously6d in which the N-H‚‚‚Co hydrogen
bond is broken. The chemical shift is also indicative of the
close proximity of the anion, which causes the signal to shift
to slightly upfield of the corresponding resonance for free
DABCO (2.4 ppm).3a Upon a decrease in the temperature, the
methylene signal shifts further upfield and broadens then splits
into separate signals corresponding to the sets of methylene
groups at the two ends of the cation, as is observed for5.
However, at coalescence, the broadened signal overlaps with
the methyl signal of the protio-solvent impurity, rendering
precise measurement of the coalescence temperature unfeasible.
Nevertheless, it is clear that the coalescence point lies in the
temperature range 213-253 K and thus must be similar to that
observed for (DABCO)H+Co(CO)3PPh3- (ca. 235 K). Thus,
consistent with the conclusion from the IR data, one must
conclude that the replacement of phenyl substituents byp-tolyl
groups has at best only a small effect upon the strength of the
N-H‚‚‚Co hydrogen bond in the isolated solution ion pair and
thus presumably on the basicity of the cobalt center. In this
regard, it should be noted that the importance of electronic
aspects of Lewis acid-base interactions can sometimes be
overemphasized, as seen in a recent study of agostic interactions
at very electron deficient metal centers where steric effects were
determined to be at least as important.12

Finally, it should also be noted that1H NMR spectra of2
and 3 in CD3CN solution, where the salts exist as solvent-
separated ions, show no upfield shift or broadening of the
methylene signal upon a decrease in the temperature. Further-
more, in the absence of the close interaction with the anion,
these protons resonate at ca. 2.9 ppm over the temperature range
300-240 K. This isdownfieldof the signal for free DABCO
and more typical of CH protons adjacent to an ammonium
center.

Crystal Structure of 1. The structure of the hydrogen-
bonded ion pair for1 shows marked differences from that of
the (DABCO)H+Co(CO)4- analogue4 reported earlier.6d Al-
though the two amines, quinuclidine and DABCO, are very
similar sterically and quite similar electronically (viz. amine
basicity), the structural features of the two salts are on the
contrary rather different. In both cases, the cation and anion
are linked via an approximately linear N-H‚‚‚Co hydrogen bond
(172.4° in 115). However, the N‚‚‚Co [H‚‚‚Co]15 separation in
1 is some 0.13 Å longer than that in4 (3.563(2) [2.519] vs
3.437(3) [2.392] Å). Furthermore, while in4 the three “equato-
rial” carbonyls are staggered about the N‚‚‚Co vector with
respect to the methylene groups attached to the ammonium
nitrogen, in1, the conformation is eclipsed (Figure 4). It is
reasonable to presume that the lowest energy arrangement for
a single isolated ion pair should be similar to that observed in

the crystal structure of4. 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 in1 must be compensated by other interactions in the
solid state. The crystal structures of both1 and 4 exhibit
extensive networks of cation-anion C-H‚‚‚O hydrogen bonds,
and recent attention has been drawn to the importance of such
interactions in determining the arrangement of organometallic
molecules and ions in the solid state.3g,4b However, we cannot
expect to be able to point to a specific intermolecular interaction
that provides the energetic compensation inferred for the
structure of1. Nevertheless, the differences between1 and4
that most probably contribute to this effect can be highlighted.
Thus, the single chemical difference between1 and 4 is the
replacement of a potential hydrogen bond acceptor (N) in4 by
a potential hydrogen bond donor (C-H) in 1. This necessitates
a change in the packing arrangement of the cations and anions;
as in the crystal structures of1 and4, these sites are active in
hydrogen bond formation.

Crystal Structures of 2 and 3. Although crystallized as their
acetonitrile solvates,2 and 3 exhibit molecular structures
“similar” to that of the related species (DABCO)H+Co-
(CO)3PPh3- 5.6d Thus, an approximately linear intermolecular
N-H‚‚‚Co hydrogen bond [177.4°, 2; 175.5°, 3]15 lies trans to
the phosphine ligand (Figures 2 and 3), and the angles between
the phosphine and carbonyl ligands are substantially decreased
from 109.5° in order to accommodate the hydrogen bond.
Surprisingly, the previously observed trend of shorter hydrogen
bonds upon increasing the basicity of the metal center6d is not
continued in2 and 3, which exhibit N‚‚‚Co [and H‚‚‚Co]15

separations, 3.371(2) [2.32 Å] for2 and 3.347(6) [2.30 Å] for
3, slightly greater than those of the triphenylphosphine-
substituted analogue5, 3.294(6) [2.25 Å], though still ap-
preciably shorter than those of parent tetracarbonylcobaltate
species4 (vide supra). As in5, the bond angles of the anions
in 2 and3 also deviate by up to a few degrees from those of
the idealizedC3 symmetry. Again, one has to look to the
ensemble of intermolecular interactions in these structures to
provide an explanation for the unexpectedly lengthened N-H‚
‚‚Co hydrogen bonds in2 and3. As already noted for1 and4,
the crystal structures of2 and 3 (and 5) possess extensive
networks of C-H‚‚‚O hydrogen bonds, and it is inevitably the
energetic balance of these and other (van der Waals) interactions
that permits the observed variability of the N-H‚‚‚Co hydrogen
bond length across this series of structures. The most obvious
differences between the crystal structures of2 and3 and that
of 5 are replacement of phenyl groups byp-tolyl groups at the
molecular level and the incorporation of acetonitrile solvent
molecules in the structures of2 and 3 at the supramolecular
level. However, as in the case of1 and4, one can only identify
these differences and cannot expect to identify a specific
interaction or interactions that account for the difference in
N-H‚‚‚Co hydrogen bond geometries across this series.

Discussion

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.
Indeed, 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.
Hydrogen bonds, although stronger than most intermolecular
interactions, are clearly weak bonds (typically<10 kcal/mol).
Thus, their geometry can be anticipated to be quite sensitive to

(15) Calculated by extending (or contracting) the N-H distance along the
determined N-H vector to yield a value of 1.05 Å as determined by
neutron diffraction for Et3NH+Co(CO)4-.6b.

Figure 4. Views of 1 and 4 illustrating eclipsed and staggered
conformations, respectively. Co(CO)4

- anions are shaded with cross-
hatching; nitrogens of the cation are shaded with diagonal lines.
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the surroundings, where among other factors the existence of
other hydrogen bonds leads to mutual distortions. On this topic,
Jeffrey states in a recent authoritative text1b that “In the solid
state, the packing of molecules is determined by their shape
and a variety of intermolecular forces, of which the hydrogen
bond is only one, not necessarily the dominant one. For this
reason, more structural variety [of hydrogen bonds] is observed
than in gas-phase hydrogen-bonded dimers and adducts.”
Indeed, recent work has shown that intermolecular interactions
can even lead to substantial and quite significant distortions of
covalent bond geometries in the solid state.11

In our previous reports on factors affecting the geometry and
strength of N-H‚‚‚Co hydrogen bonds in R3NH+Co(CO)3L-

(L ) CO, PPh3)3a,6b-d salts, we have examined the effect of
major changes in either the steric demands of the ammonium
cation or the basicity of the anion. Such changes have resulted
in corresponding changes in N‚‚‚Co [and H‚‚‚Co]15 separations
on the order of 0.15-0.3 Å, as detailed in the Introduction,
with decreases in the hydrogen bond length being associated
either with decreased cation-anion steric interaction or in-
creased anion basicity. In the present study, we examine the
effect of making much smaller molecular changes. Thus, the
cations and anions of compounds1-3 exhibit the same steric
characteristics in the proximity of the N-H donor and Co
acceptor groups as the previously reported salts, i.e., either4
or 5. Corresponding electronic changes in the cation or anion
are also very minor (i.e.,1 vs 4; 2 or 3 vs 5). However,
examination of the N-H‚‚‚Co hydrogen bond geometries of
1-3 shows that the effect of these minor changes at the
molecular level has been overwhelmed in the solid state by the
effect of changes at the supramolecular level. Indeed1-3 all
exhibit N-H‚‚‚Co hydrogen bonds in the solid state that are
ca. 0.1-0.15 Å longer than might have been predicted upon
consideration only of previous structure determinations coupled
with solution spectroscopic data.

Recent work has shown the importance of weak hydrogen
bonds such as C-H‚‚‚O in determining molecular conformations
and supramolecular architectures of organic species.16 More-
over, as the result of exhaustive CSD17 searches, Braga,
Grepioni, Desiraju, and co-workers have demonstrated3g,4bthat
rather weak but very abundant hydrogen bonds such as C-H‚
‚‚O are important in determining the arrangement of molecules
and ions in the crystal structures of transition metal carbonyl
complexes. Extensive networks of C-H‚‚‚O hydrogen bonds
are present in the crystal structures of1-3 (also4 and5). As
indicated above, changes in this ensemble of hydrogen bonds
is most probably a major contributor to the “unexpected”
changes in the N-H‚‚‚Co geometry in1-3.

Since the vast majority of the crystallographic studies are
conducted to elucidate the molecular structure, we often tend
to ignore or overlook intermolecular interactions occurring in
the crystal structure or perhaps more dangerous still focus on
the geometry of individual interactions. The conclusions
presented here do not pertain only to these systems but have
wider implications to the study of all weak interactions in the
solid state. In inorganic chemistry, for example, there is much
current interest inσ-bond complexes18 and in a variety of
hydrogen bonds that involve transition metals, as noted in the
Introduction. Geometries derived from crystallographic char-

acterizations of such weak interactions must inevitably be
considered in the context of the overall supramolecular arrange-
ment. As is thus evident from the present study, much more
work is needed in order to understand the interrelation of
intermolecular interactions. This includes determining the
strengths of different types of interactions and examining
preferred supramolecular arrangements. Indeed, while the
understanding of chemistry and molecular synthesis based upon
covalent bonds is a relatively mature discipline, the correspond-
ing understanding and application of intermolecular bonding
to supramolecular synthesis2a,19is by contrast still in its infancy.

Finally, in a Nature editorial 10 years ago, John Maddox
opined20 that “One of the continuing scandals in the physical
sciences is that it remains in general impossible to predict the
structure of even the simplest crystalline solids from a knowl-
edge of their chemical composition.” This statement is quite
pertinent to the present study, though it should not be taken to
suggest that no progress has been made in the area of crystal
structure prediction. Indeed, in the intervening decade, models
have been developed that allow ab initio computation of some
crystal structures,21 though such models are still far from having
universal applicability.21f The diversity of intermolecular
interactions, their relatively low energies, and their independence
will make such structure prediction a difficult proposition for
most compounds for some time to come. The present work
clearly reinforces this assertion.

Conclusions

Three new examples of N-H‚‚‚Co hydrogen-bonded salts
involving the tetracarbonylcobaltate(-I) or tricarbonylphosphi-
necobaltate(-I) anion are reported. Despite the minor differ-
ences, at the molecular level, between these salts and previously
reported examples, each exhibits a markedly longer (0.1-0.15
Å) hydrogen bond in the solid state than would be predicted
based upon previous structure determinations together with
spectroscopic evidence in solution. Thus, minor changes at the
molecular level are subsumed by major changes at the supramo-
lecular level where the overall energetic balance of intermo-
lecular interactions is important in determining the geometry
of any given interaction. This contrasts with our previous
reports, in which changes at the molecular level were clearly
large enough to dominate the changes in the N-H‚‚‚Co
hydrogen bond even in the solid state. Although, in those cases,
the contribution of supramolecular changes to the change in
the N-H‚‚‚Co hydrogen bond geometry was not readily
quantified.
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In the present structures, one cannot expect to identify a
specific change in supramolecular arrangement as the cause of
the lengthened N-H‚‚‚Co hydrogen bonds. However, one can
point to probable causes. In1, a hydrogen bond acceptor group
(N) has been replaced by donor group (C-H) relative to the
previously studied4, and both acceptor in4 and donor in1 are
active in hydrogen bonding. In2 and3, replacement of phenyl
substituents byp-tolyl groups and the incorporation in the solid
state of molecules of acetonitrile solvate represent the most
obvious differences between these structures and that of the
previously studied5. Thus, while the “lengthening” of the
N-H‚‚‚Co hydrogen bonds in1-3 may seem at first unex-
pected, it can be rationalized in terms of the collective effect of
often overlooked weak intermolecular interactions.

Note Added in Proof

It is noted that the acidities of (Quin)H+ and (DABCO)H+

are not identical. The former is less acidic by ca. 0.5 pKa units.
This may contribute in part to the fact that the N-H‚‚‚Co
hydrogen bond is longer in1 than in4.
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