VoLuMmE 121, NUMBER 27

JuLy 14, 1999
© Copyright 1999 by the

CHEMICAL
SOCIETY

Study of the N-H---H—B Dihydrogen Bond Including the Crystal
Structure of BHNH3 by Neutron Diffraction

Wim T. Klooster,* ' Thomas F. Koetzle,*" Per E. M. Siegbahn?
Thomas B. Richardson? and Robert H. Crabtree*:§

Contribution from the Yale Chemistry Department, 225 Prospect Street, NeenHaonnecticut
06520-8107, Department of Physics, Stockholmyrsity, Box 6730, S-113 85 Stockholm, Sweden, and
Chemistry Department, Brookhen National Laboratory, P.O. Box 5000, Upton, New York 11973-5000

Receied July 17, 1998. Résed Manuscript Receed April 5, 1999

Abstract: Boraneamines tend to have close-N°*--->"H—B contacts as a result of the intermolecular
interaction of the NH proton with the BH bond by a novel type of hydrogen bond (the dihydrogen bond). A
CSD structural search provides characteristic metric data for the interaction: -th¢ ¢istance is in the
range 1.72.2 A, and the N-H---H group tends to be linear while-BH---H tends to be bent. The reported
X-ray structure of BHNH;3; seemed to provide a singular exception in having beatHN-H and linear
B—H---H. Our neutron diffraction structure of BNH3z now shows that the B and N atoms must be reversed
from the assignment previously published. With the correct assignment we find the expected-berntB

and linear N-H---H arrangement in the closest intermolecularit--H—B interaction @y = 2.02 A).

Introduction number of metathydrogen bonds, MH, are able to act as
. . , acceptors to give MH---H—N hydrogen bonds with strengfis
Classical hydrogen bondsh—H---B, involve a weak acid ¢, mharaple to those of classical lone pair hydrogen bonds. The
hydrogen bond donor, AH, and the basic lone pair of a d(H-+-H) distances for such systems are typicaflg.7—2.2 A,
hydrogen bond acceptor, B. Recentlizbonds, especially of qjanificantly less than the sum of the van der Waals radii for
alkynes and arenes, have been shown to act as much weakegq hydrogen atoms, 2.4 A. The hydrogen bond can form with
hydrogen bond acceptors ind-«z interactions: Extrapolat- 5 pendant group on a ligand, such as in the 2-aminopyridine
ing this trend suggests thatbonds would not be significant complex ()2 or intermolecularly as in [ReiPPh)s]-indole’

hydrogen bond acceptors. It was therefore surprisigat a Early examples of this new type of hydrogen bond, generally

T Brookhaven National Laboratory. termed a dihydrogen bond, were discovered for transition metal

¥ Stockholm University. hydrides, where the MH bond acts as hydrogen bond acceptor

il‘;filgﬁf:emgt%'?egzgmiﬁt- Wevdroden Bonding in Biolodical (weak base). In these transition metal cases, however, we could
Structures S%rinder:"Ber"n 9199’4‘ ydrog 9 9 not be sure that the acceptor was indeed theHVio-bond
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which could in principle act as alternate H-bond acceptors. Both
Brammer and co-workefs and Albinati, Pregosin and co-
workersP characterized undoubted cases eftA:+-M hydrogen
bonding. Evidence for true NH---o hydrogen bonding came
from the finding that 8metal hydrides, not having nonbonding
d.-electrons, also give NH-:--H—M dihydrogen bonds of
comparable strengthTo probe this point more effectively, we

Klooster et al.

a CSD searct®%and on other prior studigsThe structure of
BH3NH3 has a long and checkered history in the literatdre.
Initial room-temperature X-ray work by Lipscori and by
Hughesd™indicated a body-centered tetragonal structure, but a
subsequent paper by Sorokin and co-workéssiggested a face-
centered orthorhombic unit cell instead. Hoon and Reynkdrdt
used powder X-ray data for BfNH3z both to confirm the body-
centered tetragonal structure at room temperature and also to
show that the compound undergoes a phase transition to a low-
temperature primitive orthorhombic form at ca. 220 K. Subse-
quently, what seemed to be the definitive single-crystal X-ray
study was carried out at 200 K, also in the primitive ortho-
rhombic space groupe 12

The present neutron diffraction structure of BHHs; at 200
K has now resolved the problem by correcting the previously

moved to a system that contains no nonbonding valence published assignment of the boron and nitrogen atoms. The

electrons of any sort. We now report our work on boraneamines,
which provides evidence for NH---H—B dihydrogen bonds
being true N-H---0 hydrogen bonds.

present assignment may help resolve anomalies in the prior
results.

A boronated cytosine has recently been shown to have anResults and Discussion

intramolecular N-H-+-H—B distance of 2.05 & a value that
is well within the range of interest. Intramolecular cases such

CSD Search.Twenty-six N-H---H—B intermolecular dihy-
drogen bonds have been identified ik <2.2 A in 18 X-ray

as this are a little less satisfactory than intermolecular examples, crystal structure® The metric data shown i2, obtained from

in that conformational effects might possibly affect the distances
and conformations adopted. We also published a communi¥ation
on Cambridge Structural Database (CSD) evidence for
N—H---H—B dihydrogen bonding.

BH3NH3; seemed to us to be a key case. Although ethane
and BHNH3 are isoelectronic, there are very large differences
in their physical properties, i.e., the melting points are fggC
—181°C and for BHNHz +104°C. Part of this difference must
be related to the polarity of BifH3 (5.2 D). However, ChHF
(mp —140°C), also polar (1.8 D), has a proportionally much
lower melting point elevation relative to ethane, so we felt that
other factors might also play a role. Our prior work on the
attractive interaction between the hydridic hydrogens of a
number of transition metal complexes and the protonic hydro-
gens of adjacent OH or NH groups led us to consider tha$BH
NHz might have close attractive N\H---H—B contacts.

The X-ray data on BENH3; gave a N-H---H—B conforma-
tion that diametrically contradicted our expectations based on
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the CSD organic structure database, were studied. diae
values found in M-H---H—N dihydrogen bonds are usually in
the range 1.72.0 A, and so the range found in the structures
studied here (172.2 A) is compatible with the presence of an
H-bond. As a control, no NH---H—Si distances of<2.2 A
were found in the CSD. As is customaryye normalized the
N—H (1.03 A) and B-H (1.21 A) distances because of the
systematic error associated with hydrogen positions in X-ray
structures. By studying a broad range of crystal structures in
this way, we aim to establish a general pattern that does not
rely on the accuracy of any one particular structure.
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In some cases, the short contacts were noted in the original
papers describing the structures and ascribed to various effects,
most commonly charge-transfer interactidis.In (HoN)2-
PBHs,°" where all the hydrogens were located, the author noted
that the BH bonds associated with the close contact are not
aligned along the B-N vectors with the implication that these
are not conventional hydrogen bonds. Apart from the nonlin-
earity another factor that militated against prior recognition of
the interaction is that many of the contacts are intermolecular;
authors may not have checked the packing for these molecules,
and even if they did, the hydrogens were often not very precisely
located, so the contact may have escaped notice or been
considered an artifact.

(10) We thank a reviewer for providing much of the text of this paragraph.
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Hoon, C. F.; Reynhardt, E. Q. Phys. C1983 16, 6129. (e) Bal, M.;
Steinke, T.; von Ragu8chleyer, P.; Boese, Rngew. Chem., Int. Ed. Engl.
1991, 30, 1160. (f) Boese, R.; Niederpmy N.; Bléser, D. InMolecules in
Natural Science and Medicindlaksic, Z. B., Eckert-Masic, M., Eds.; E.
Horwood: Chichester, England, 1992. (g) Thorne, L. R.; Suenrum, R. D;
Lovas, F. JJ. Chem. Physl983 78, 167. (h) Custelcean, R.; Jackson, J.
E. Personal communication add Am. Chem. Sod.998 120, 12935.
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Figure 1. H---H distance dun, versus the B-H---H angle,6, found

in the CSD search. The numbers refer to the following compounds,
which are listed by their CSD filenames: 1, AZIBOR2, CESHIR10*

3, DITSUUX 4, DUJYOW? 5, EMOBOR?® 6, FUDHIV01®9 7,
FUDHOB?" 8, FUDHOB02Y 9, FUZSEY?® 10, GACWUC 11,
GALGIJ? 12, GALGOP®™ 13, GEWWEK®" 14, JUJKUUS° 15,
KACRAH;® 16, KADMEH;® 17, SORGELY 18, VIJLEF?® Primes
refer to second and third H bonds within a single structure.

The angular data (Figures 1 and 2) show that, while
N—H---H (y) tends to be more linear than bent, with the
majority of data points in the range 1507C°, B—H---H (0)
tends to be more bent than linear, with the majority of data
points in the range 95115°. We examined the structdfé
labeled 4 in Figure 1 (shown here &sand believe that, as a
somewhat rigid molecule with groups projecting in the equatorial
plane, it could have limited choices in packing. The scatter in
the angular andlyy data suggest that the potential surface for
interaction between NH and BH bonds is rather flat and allows

significant deviations from the preferred angles and distances.

This is entirely appropriate for a weak intermolecular interaction
and is also seen in classical hydrogen bondiNgvertheless a
distinct preference for a linear ANH--H () and a bent
B—H---H (0) arrangement is seen. While a linear seems
appropriate for a hydrogen bond, the béntas not anticipated

J. Am. Chem. Soc., Vol. 121, No. 27, 19339

BH group having hydridic character and therefore being
relatively basic. The CSD work reported in this section provides
a preliminary case for the existence of dihydrogen bonds in
boraneamines and establishes their structural characteristics
(Table 1).

However, at this point, we made a most unwelcome discov-
ery. Lacking a carbon atom, the structural datn BHsNH3
did not form part of our initial CSD organic database search
results. When we located the published data on this compound,
we found one close NH---H—B contact, as expected, but the
B—H---H and N—H---H angles were linear and bent, respec-
tively, theexact oppositef what we had been led to expect by
all our prior work? Since the N-H---H—B bridge in BkNH3
might be considered as the archetype of a dihydrogen bond,
we felt we needed to understand this system better. We have
now undertaken a neutron diffraction study which has com-
pletely clarified the structural situation and a theoretical study
that helps us understand the bonding.

Neutron Diffraction Structure of BH 3sNH3. The simplest
compound expected to show¥---H—B dihydrogen bonds
is BH3NH3 (4), which accordingly seemed especially favorable
for structural study. Suitable colorless crystals of the compound
were grown from ether solution, and neutron intensity data were
collected for a hemisphere of reciprocal space on two separate
crystals. These measurements showed that the crystals can be
successfully treatéé® as orthorhombic. The results of the
orthorhombic refinement presented in this paper (Tables 2 and
3 and Figure 3) allow the chemically significant results to be
obtained in an unambiguous way.

A succession of structural studiédias been carried out on
BH3NHj3, but uncertainties remained regarding the description
of the structure. The present neutron work has allowed a number
of significant points to be established. First, the assignment of
the boron and the nitrogen atoms in our structureeigrsed
relative to the ones previously publish€#:"125 An unambigu-
ous assignment is possible in neutron diffraction thanks to the
very different neutron scattering lengths of B (0.5310712
cm) versus N (0.94< 10712 cm) and bond lengths of BH
(1.17 A) versus N-H (1.03 A). We have confirmed the
assignment by refining these scattering lengths for our data set,
obtaining B= 0.65(7) x 10712 cm and N= 0.83(8) x 10712

and might seem to militate against the proposed description of M in agreement with the present assignment (Figure 4).

the interaction; theoretical stud#@gelp elucidate this preference
on purely electrostatic terms, however.

The CSD data also give us an idea of the types of NH and
BH groups that most readily engage in dihydrogen bonding. In
most cases, the NH bonds in the compounds studied were
either substituted ammonium ions or substituted pyridinium ions,
with a positively charged nitrogen, or aminoboranes, in which

Perhaps the clearest demonstration of the reversed B/N
assignment is that refinement with the prior published assign-
ment makesl(B—H) shorter thard(N—H), an absurd outcome
(B—H1, 1.08(3) A; B-H2, 0.96(3) A; N-H3, 1.12(5) A;
N—H4, 1.14(2) A). Only refinement with the present assignment
gives d(B—H) longer thand(N—H), as expected (BH3,
1.15(3) A; B-H4, 1.18(3) A; N-H1, 1.07(4) A; N-H2, 0.96-

(3) A). In addition, the weighte® values for the prior published
assignmentR,(F?) = 0.183 andR(F) = 0.078, are significantly
larger than those for the new orf&,(F%) = 0.163 andR,(F) =
0.065. Furthermore, thej; values for B and N show a greatly
improved fit with the present assignment (Table 4). On the prior
published assignment, the values for N are large relative to those

(12) (a) Our measurements show that the crystals can be successfully

the nitrogen can be considered to bear a partial positive chargetreated as orthorhombic, and the results definitively characterize the

by virtue of the RB~—N*R3 resonance form. In either case,
the K, of the NH in question is likely to be low (e.g., NH,

9.2; pyridinium, 5.2) and therefore favothe formation of
relatively strong dihydrogen bonds. Similarly, the BH bonds
were either exo-BH bonds of boron cluster cage anions,
aminoboranes or aluminoboranes, in all of which boron is

chemically important hydrogen-bonding interactions. The small size of the
crystal meant that there were insufficent intense reflectiéds>( 30) to

allow us to definitively exclude the alternative of monoclinic symmetry
(space grou2; or Py). In view of the checkered history of structural work

on this compound, we strongly prefer to continue our work on larger crystals
rather than try to distinguish the precise symmetry on the basis of the present
data, that we regard as inadequate for this purpose. (b) Dr. Boese informs
us (1/24/99) that he tried both B/N assignments at the time but inadvertently

expected to bear at least a partial negative charge, leading to aublished the coordinates for the wrong assignment in ref 11f.
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Table 1. Characteristics of NH+-*H—B Dihydrogen Bonds Found in the CSD Search, in Quantum Chemical Studies®bgndsOtherg?
and in the Present Neutron Diffraction Study

range (extreme range) average in C, dimer Con dimer BH3NH;3
property in CSD search CSD search (theory} (theoryy (n-diff)®
dun (A) 1.7-2.2 1.96 1.82 1.99 2.02(3)
6(OBHH) (deg) 95-115 (90-171}¢ 120 98.8 88.6 106(1)
w(OBHH) (deg) 156-170 (117171) 149 158.7 144.8 156(3)
bond strength (kcal/mol) 6.1 7.5

a2The range shown applies to the majority of structures with the extreme range indicated in parehfieses; and diffraction data cannot be
directly compared because the former relates to the gas-phap#Biimer and the latter to the shortest contact in theMH crystal. Theoretical
results are from ref 9&. Theoretical results are from the work of Cramer and Gladfétter.

d(HH) vs. PSI: NORMALIZED by electron diffractior}!9 re = 1.672 A, rs = 1.657 A, is
22 R apparently somewhat longer. Charge transfer may be enhanced
in the more polar medium of the solid versus the gas phase.
A7 p Alternatively, the distance in the solid may be foreshortened
2 o1 VQ: 7 due to librational effects.
As ©> g ;quo‘ As was noted above, the shortest i contact found in the
20 | 15 de ot - present study, H(2)-H(3) 2.02(3) A, is close to that found
T 16 previously, but the N-H---H—B conformation is now normal
z - 2 , (Figure 3), having a near-linear\H---H (156(3f) and bent
© 19 | . s A" B—H---H (106(1y) arrangement, instead of the reverse as in
o G the X-ray structure.
s L d o & The packing prohibits all the ++H contacts from having the
C same preferred conformation of Table 1. Two other longer
0706 contacts are also seen in the structure, H{#H(4), 2.21(4) A
17 and H(2):-H(4), 2.23(4) A. These are close to the sum of the
80 100 120 140 160 180 van der Waals radii for two hydrogens, 2.4 A, and are 0.2 A
PSI (<NHH) longer than the shortest contact, so they are probably consider-

ably less attractive than H(2)H(3). In these cases we find one
very abnormal and one somewhat abnormatHN--H—B
conformation: N-H(1)---H(4), 130(1); H(1)---H(4)—B,
for B by factors of 3 or more, typical of the behavior seen in 156(3f and N-H(2)-+-H(4), 137(2); H(2)--H(4)—B, 94(2Y,

cases of atom misassignment. respectively. . ,
The erroneous prior published assignment is probably a result  AS Boesé!' points out, the packing of etharigwhich adopts
of the failure to locate the hydrogens in the early powder X-ray the P21/n space group, is entirely different from that for the
studies on the materi&®In such a case, the assignment of B 1SO€lectronic molecule, BiHs. We see that the BiH;
and N amounts to the necessarily arbitrary assignment of thePacking allows three H-H contacts of<2.4 A, one of which
direction of the polar axis in the tetragonal structure (space 'S Very short.
group, 14mn) adopted by BHNH3 above the phase transition Unpubllghed \_/vork by J. E. Jackson and co-work¥rsn the
at 220 K. In the later work carried out below the phase transition Neutron diffraction structure of NaBE2D,O shows DB--D
temperaturée the hydrogen atoms were located. The B/N contacts of 1.791.94 A, clearly falling into the range expected
assignment, of no particular significance for prior work, becomes for dihydrogen bonds.
of critical importance here, where intermolecular interactions  Theoretical Studies.An ab initio theoretical study on the
become the center of interest. The shortest intermolecular BHsNHs dimer, showing intermolecular fH---H—B interac-
H---H contact obtained in the X-ray work (2.0%%) was close tions such as those in the present crystal structure, was carried
to that we now find (2.02(3) A), but the resulting¥---H—B out with the PCI-80/B3LYP method and was fully reported in
contact had linear BH-+--H and bent N-H-++H groups, exactly the communicatiof? so it will not be discussed in detail here.
reversed from the usual situati®ihis problem is of course Relation to the Classical Hydrogen BondAt the simplest
now solved thanks to the present assignment of B and N which level, the dihydrogen bond can be considered as a proton
leads to the expectédrrangement of bentBH---H and linear ~ hydride interaction. The predominance of strongly bent
N—H-+-H groups. B—H---H groups in the CSD study suggests that this model is
The previously published B/N assignment may have caused something of a simplification. In fact it may be better thought
the displacement parameters for B and N to have very abnormalof as an interaction between the NH proton and the BH bond
values, large for B and small for N. This was rationalized, as a whole. This would explain the side-on conformation
however, as a result of the boron having large cationic charge because the NH proton in this way can approach not only the
and nitrogen having large anionic charge as a result-ofN\B BH hydride but also the BH bond itself. In this picture the
dative bonding!f The electron density map, calculated from hydrogen bond acceptor (weak base) in the dihydrogen bond is
the X-ray data, gave unreasonable charge distributions, howeverthe B—H o-bond as also suggested by Cramer and Gladfédter.
We conclude that all of these problems may perhaps have arisen The hydrogen bond concept has previously been extended
because of the reversed assignment. from the classical AH--:lp (Ip = lone pair) situation to
The BHNH; moleg‘ule has a staggered geometry with a BN A—H-+=7 (7 = pi bond) systems, and so we now see that it
distance of 1.58(2) A, in line with previous determinations in -
the solid state, notably the value of 1.565(7) A by Boese and 195117?’) van Nees, G. J. H; Vos, Aicta Crystallogr., Sect. B978 34,
coworkerst!f Interestingly, the gas-phase BN distance obtained  (14) Cramer, C. J.; Gladfelter, W. linorg. Chem.1997, 36, 5358.

Figure 2. H---H distancedyy versus the N-H---H angle,y, found in
the CSD search. The numbering is the same as in Figure 1.
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Figure 3. Stereoview of the neutron diffraction structure of BHHs with the shortest H+H contacts [H2-H3, 2.02(3) A] indicated.

Table 2. Crystal Structure Data for [BiNHj3]

formula HN-BH3

M; (amu) 30.8760

space group Pmr2; (no. 31)

VA 2

a A 5.395(2)

b, A 4.887(2)

c, A 4.986(2)

a, B,y (deg) 90

volume (A3) 131.5(16)

how determined least-squares fit for 32 reflns, 826 < 54
density calcd (g crf)  0.7799

absorption coeff (cm') 10.369

forms +(110)£(1—10) +(001)
crystal shape box

crystal color colorless

crystal dimension (mm) 0.6& 0.46x 1.5
crystal volume (mrf)  0.46

neutron wavelength (A) 1.0462(1)
monochromator Be (002)
scattering lengths
(x107*2cm)®
N 0.936
B 0.530
H —0.37406
temp, K 200+ 0.05
hkl —7=h=7,-6=<k=<6,-6=<1=<0

monitor reflns

(06-4) (—420)
no. of reflns collected 548

(20)max (deg) 90

(Sin O/ max (A1) 0.68
no. of reflns averaged 205
Ry int 0.064
no. of ind reflns 207

| >30 80
variables SXYZ |
no. of variables

extinction not significant
no. of reflns used 197
ratio of reflns/variables 4.7
R(Fo?) 0.257
Ru(F¢? 0.163
Ry(Fo > 30) 0.065
S 1.31

can also apply to the AH---¢ (0 = sigma bond) case. So far
only X—H bonds where X is an electropositive atom such as B
or a transition metal have been suitablecasomponent, no
doubt because such->H bonds tend to be basic.

The sharp falloff in hydrogen bond strength from
N—H-:-Ip (6—8 kcal/mol) to N-H---r (1—2 kcal/mol) might
make it seem that NH---¢ bonds would have a negligible
strength, but our theoretical wdkand prior measurements in

Table 3. Positions, Displacement Parameterg)(fselected
Distances (A), and Angles (deg) in [BNH3]

Positions

atom X y z

N 0 0.235(2) 0.314(4)

H(1) 0 0.453(7) 0.341(15)

H(2) 0.140(4) 0.148(5) 0.397(6)

B 0 0.185(3) 0

H(3) 0 —0.043(6) —0.060(6)

H(4) 0.185(5) 0.264(6) —0.100(5)

Displacement Parameters

atom U Uz, Uss U2 Uis Uz
N 0.037(5) 0.036(5) 0.026(4) O 0 —0.007(5)
H(1) 0.112(22) 0.058(18) 0.129(44) O 0 —0.027(30)
H(2) 0.089(15) 0.177(31) 0.017(6)  0.082(22) 0.005(10) 0.004(11)
B  0.038(8) 0.032(9) 0.040(8) O 0 —0.012(7)
H(3) 0.047(13) 0.094(19) 0.014(11) O 0 —0.012(13)

H(4) 0.115(15) 0.117(15) 0.025(8)~0.073(15) 0.023(9) —0.012(12)

Intramolecular Distances

N-B 1.58(2) B-H3 1.15(3)
N—H1 1.07(4) B-H4 1.18(3)
N—H2 0.96(3)
Intramolecular Angles
B—N—-H1 106(4) N-B—H3 114(2)
B—N—-H2 111(2) N-B—H4 112(1)
B—N—H2 111(2) N-B—H4" 112(1)
H1-N—H2 113(3) H3-B—H4 102(2)
H1-N—H2" 113(3) H3-B—H4" 102(2)
H2—N—-H2" 104(3) H4-B—H4" 116(3)
Intermolecular H--H Distances
H1---H4 2.21(4) Yo—x1—-y,Y+z
H2---H3 2.02(3) Yo—x -y, Y+ 2z
H2---H4 2.23(4) Yo—% =y, Y+ 2z
Intermolecular Angles
N—H1---H4 130(1) H%--H4-B 156(3)
N—H2:--H3 156(3) H2--H3-B 106(2)
N—H2:--H4 137(2) H2--H4-B 94(2)

N—H---H—M system$ suggest a bond strength of-8 kcal/

mol, much larger than we expected and comparable in strength
to that in a classical hydrogen bond. Several factors probably
favor the formation of a strong interaction in this case. The two
H atoms involved each have small radii so the-H distance

can be small. Many of the classical H-bond acceptors such as
the nitrogen atom in Nklare expected to be sterically bulkier
than the H-bond acceptor hydrogen atom in-aHBbond. In
addition the B-H bond may be relatively polarizable, and the
approach of the NH group may enhance the negative charge
on the B-H hydride. Proton NMR measurements on
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Figure 4. View of the conformation of the closestNH---H—B contact
from the neutron diffraction structure of BNHs. Distances (A) and
angles (deg): N-H2, 0.96(3); N-H2—H3, 156(3); H2-H3, 2.02(3);
H2—H3-B, 106(1); H3-B, 1.15(3).

Table 4. Displacement Parameters?&or B and N from the
Neutron Diffraction Refinement with the Prior Published and the
Present, New Assignments of B and N, Showing the Improved Fit
with the Present Assignment

atom Ui Uz Uss Uz Ui Uz
Prior Published Assignment
N 0.058(5) 0.116(5) 0.064(4) O 0 -0.011(4)
B 0.018(3) 0.005(2) 0.010(2) O 0 —0.009(2)
Present Assignment
N 0.037(5) 0.036(5) 0.026(4) O 0 —0.007(5)
B 0.038(8) 0.032(9) 0.040(8) O 0 —0.012(7)

M—H---H'—N interactions have shown the existence of sig-
nificant H---H' coupling constants (28 Hz.) which implies that
there is a small covalent contribution to the-HH bonding.

Klooster et al.

and in pyridinium salts. In the cases studied here, the key H
atoms were indeed located in reasonable positions by this
criterion. This factor led us to choose to study-N, rather
than O-H hydrogen bonds, where free rotation of the ®H
group makes the proton position independent of the heavy atom
positions and so leads to potential problems.

Neutron Diffraction Structure. A saturated solution of Bl
NHs in Et,O was slowly evaporated to produce colorless crystals
of the compound suitable for neutron diffraction studies. Neutron
diffraction data were obtained on the four-circle diffractometer
at beam port H6M of the High Flux Beam Reactor at
Brookhaven National Laboratory on two different crystals. The
neutron beam, monochromated by beryllium (002) planes in
reflection geometry, had a wavelength of 1.0462(1) A as
calibrated against KBg, = 6.6000 A at 298 K. A single crystal
was mounted on an aluminum pin, using halocarbon grease
(Dow-Corning), sealed in an aluminum container under a helium
atmosphere, and placed in a DISPLEX Model CS-202 closed-
cycle refrigerator (APD Cryogenics, Inc.). The crystal was
cooled to 200+ 0.5 K, where the temperature was maintained
throughout the measurements and monitored with a Pt resistance
thermometer. Data were collected at 200 K, since according to
Buihl et al.}ethe quality of the crystal deteriorated dramatically
upon further cooling. Both crystals gave similar results, but data
from the second crystal are reported here. Fror &imalues
of 32 reflections (39 < 20 < 54°), the unit cell constants were
determined to bea = 5.395(2) A,b = 4.887(2) A, ¢ =
4.986(2) A,V = 131.5(16) R. Reflections were scanned for a
hemisphere of reciprocal spaceh,+k,—I, for 6.0° < 20 <
90°, usingw—26 step scans. In the data collection, counts were
accumulated at each step for a preset monitor count of the
incident beam and the step size was varied to give approximately
65 steps per scan. Intensities of two reflections{8@nd—420)
were monitored every 100 reflections as a check on experimental
stability, which proved to be excellent throughout. Altogether,
548 reflections were scanned. An azimuthal scan of reflection
(01-3) neary = 90° showed some intensity variation. Integrated
intensitiesl, and variances?(lg) were derived from the scan

Reactivity consequences should also be considered. BHHA profiles as described previousiLorentz factors were applied,

(AH = acid) bonding may facilitate protonation of boron
hydrides because the protorbond attraction may permit easier
access to the transition state.

Details of the Work

CSD Search.The search for intermolecular-N\H---H—B
contacts was carried out by settidgy <2.2 A as a cutoff value.

as well as an analytical absorption correctihTransmission
factors were in the range 0.478.632 (& = 10.369 cntl).
Averaging over 205 symmetry-related reflections gave an
internal agreement factor of 0.064. This resulted in 207
independent observations, of which 80 Had values greater
than 35(Fy?). See Table 2 for details. The B and N positions
reported in the X-ray woewere used as a starting structure.
Hydrogen atoms were located in a difference Fourier map. It

The coordinates were retrieved and the reported H atom then turned out that B and N had to be switched from the

positions normalized tdyy = 1.03 A, the conventional neutron
diffraction value, by elongating the NH vector. Similarjgy
was normalized to 1.21 A, in agreement with literatBresutron
crystallographic data and our theoretical st&iyhe normalized

published X-ray assignment. This resulted in considerably better
anisotropic displacement parameters. The structure model was
refined based on 197 independé&it values, using UPALS?

The scale factor was varied, together with positional and

duw, 6, andy values were then calculated and plotted in Figures apisotropic displacement parameters for the six atoms compris-

1 and 2.

ing the asymmetric unit, in space groBpr;. An extinction

Any error in the H positions_ is made less problematic because correction was not included (type I, isotropic, Lorentzian
the H atoms can normally be independently located by referencemosaid?), since the extinction coefficient was not significant.
to the heavy atom positions. This is the case, for example, with ysing this model, convergence was achieved witfop < 0.1,

the H positions for BH in a closo boron cage, or NH ig\Ri™
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J. Am. Chem. S0d981, 103 5165. Johnson, P. L.; Cohen, S. A.; Marks,
T. J.; Williams, J. M.J. Am. Chem. Sod978 100 2709. Bernstein, E. R.;
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(18) Becker, P. J.; Coppens, &cta Crystallogr., Sect. A974 30, 129.
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and final agreement factors are as followR(F,?) = 0.257, shows that despite the simplicity of the molecule B and N were
WR(F¢?) = 0.163,S= 1.31 with weightsw * = 02, 0% = 0%ount misassigned in the published X-ray structure. With the correct
+ (0.0ZF,?)2. Atomic positional and anisotropic displacement assignment we get the expected bentHB--H and linear
parameters are given in Table 3. The final difference Fourier N—H---H in the close ¢un = 2.03 A) intermolecular
had no residual positive or negative peaks with scattering densityN—H---H—B interaction.

exceeding 4% of that at the largest nitrogen atom peak. The
goodness of fitS is close to 1, as expected; the somewhat high
R values are due to the small crystal size, resulting in the
majority of reflections having? < 3o.
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Boraneamines tend to have closel contacts as a result
of the intermolecular interaction of the NH proton with the BH
bond. A CSD structural search provides characteristic metric
data for the interaction: the-HH distance is in the range 7

2.2 A, and the N-H---H group tends to be linear while Supporting Information Available: Experimental details,
B—H-++H tends to be bent. The reported structure ofsRH3 listings of atomic coordinates and displacement parameters, and
seemed to be a singular exception in having berti\-H and a listing of bond distances and angles, all with their esd’s. This
linear B—H---H. Our neutron diffraction structure of BNH; material is available free of charge via the Internet at

(19) Sears, V. F. innternational Tables for Crystallographywilson, hitp://pubs.acs.org.
A. J. C., Ed.; Kluwer: Dordrecht, The Netherlands, 1993; Vol. C, p 383. JA9825332



