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N(3)

2.053

1.316

these complexes, C—C and C-N bond lengths in the §-di-
iminate rings are very close to those observed for C(2)-C(3),
C(3)-C(4) and for N(1)-C(2), N(2)-C(4), respectively, in
complex II. The C-CH; bond distances found for J range
from 1.49 to 1.53 A"!% and are comparable to the average
value of 1.50 A found for II.

The perchlorate ions are ordered but show some distortion
from rigorous tetrahedrality. The CI-O(1) bond is somewhat
shorter than the others, and O—C1-O bond angles range from
106.3 to 113.9°,
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A Critical Evaluation of the Location and Refinement of a Bridging Hydrogen Atom in a
Transition-Metal Hydride, Mo,(7°-CsHs),(CO)4(u-H) (u-P(CH;),),
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A comparison of the structural parameters obtained by x-ray and neutron diffraction for the transition-metal hydride complex
Mo, (7°-CsH;s)»(CO)4(u-H) (u-P(CHs;),) was performed to examine the discrepancies between the “x-ray-determined” and
“neutron-determined” values for the structural parameters associated with the bridging hydride ligand. Within the experimental
limitations of the x-ray analysis, the x-ray-determined hydrogen position reflects the covalent character of the bent Mo—-H-Mo
bond with the estimated region of maximum overlap displaced ca. 0.2 A from the hydrogen nucleus along the Mo~H-Mo
bisector toward the centroid of the Mo—H—Mo triangle. The consequences of this displacement are (1) an apparent shortening
of 0.1 A in the average x-ray-determined Mo—H distance of 1.79 (15) A compared to the average neutron-determined Mo—H
distance of 1.86 (1) A and (2) a large increase in the Mo—H-Mo bond angle from the neutron-determined value of 122.9
(2)° to the x-ray-determined value of 133 (3)°. For closed-type, bent metal-hydrogen—metal bonds, one should then expect
to find shorter average M—H bond distances and larger M~H-M bond angles by x-ray diffraction than by neutron diffraction.

In the past several years, a number of x-ray structural
papers® in which the authors have located and refined a
position for the hydride ligand in a transition-metal hydride
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complex have appeared in the literature. Due to the low x-ray
scattering power of the hydrogen atom, the structural pa-
rameters calculated from the “refined” hydrogen position

© 1978 American Chemical Society



Moy (7*-CsHs)y(CO)4(u-H)(u-P(CH3),)

normally have anomalous values with correspondingly large
standard errors. A related problem has been discussed
previously by Churchill,* who has demonstrated from a survey
of crystallographic papers that for terminal hydrogen atoms
bonded to C, N, and O the “x-ray-determined” C-H, N-H,
and O-H bond distances are short by 0.1-0.2 A. This
shortening arises primarily because the x-ray-determined bond
length is a measure of the distance between the maxima of
the electron density of the two bonded atoms and, therefore,
reflects the covalent character of the bond, with the majority
of the electron density from the hydrogen 1s atomic orbital
being displaced toward the bonded atom., One might also
expect a similar situation to exist for terminally bound. hy-
drogen atorns in transition-metal hydrides.’ In contrast, the
corresponding bond distance obtained by neutron diffraction
reflects the actual internuclear separation since neutrons are
scattered by the nuclei, which to a first approximation behave
as point scatterers. A “neutron-determined” bond distance
is primarily affected by the thermal motion of the nuclei in
the crystal lattice rather than the electron distribution,
Consequently, for transition-metal hydride complexes, the
x-ray-determined M-H bond length(s), and the corresponding
bond angle(s), may deviate substantially from their true values.
The extent of these deviations can only be determined by a
comparison of the structural parameters obtained by x-ray and
neutron diffraction studies of a suitable hydride complex.

In the majority of transition-metal hydrides of current
interest, the hydrogen atom has been shown to behave as a
uy-bridging ligand. With the availability of high-quality x-ray
diffractometry data, the bridging hydrogen atom position can
usually be found directly from weak areas of electron density
by difference Fourier methods. However, in even the most
precise x-ray diffraction studies where the hydrogen atom is
unambiguously located and refined using least-squares
techniques, a physically meaningless isotropic thermal model
for the hydrogen atom must be assumed and the esd’s for the
gletal—hydrogen distance(s) are generally at least 0.05-0.10

Although neutron diffraction is well suited for structural
studies of transition-metal hydrides, only a relatively small
number of them have been characterized. We have recently
reported the outcome of a precise neutron diffraction inves-
tigation of the bent Mo—H-Mo bond in Moy(n>-CsHs),-
(CO)4(u-H) (u-P(CHs;);).2 In order to evaluate the differences
between the “x-ray-determined” and “neutron-determined”
structural parameters of the bridging hydrogen atom, we have
obtained x-ray diffractometry data®!? for this complex. With
a suitably corrected set of x-ray data, the position of the
bridging hydrogen atom should be resolved since all of the
necessary criteria previously outlined by Ibers!! for the de-
termination of the hydrogen atom position in a transition-metal
complex are fulfilled. Since the x-ray-determined hydrogen
position in the bent M—H-M bond is expected to represent
the location of maximum electron density in the bond, this
work also affords the opportunity (within the limitations of
the x-ray data) to estimate the degree to which the overlap
region in the bond deviates from the hydrogen’s nuclear
position.

Experimental Section

A red crystal suitable for data collection with dimensions of 0.32
mm X 0.24 mm X 0.56 mm was mounted on the end of a thin glass
fiber such that the @ axis was nearly parallel to the spindle axis of
the goniometer. The crystal and goniometer were transferred to a
Nova-automated Syntex P1 diffractometer. The angular coordinates
(26, w, ¢, and x) of 15 peaks (26 = 16-36°) were automatically
centered with monochromatic Mo Ka radiation (A(Ka,;) 0.70926 A,
AMKey) 0.71354 A). The least-squares lattice parameters for the CI
cell'? are given in Table I and are in good agreement with the values
used in the neutron diffraction study.
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Table I. Lattice Parameters Corresponding to the CI Cell for
MO2(”7S'CsHs)z(Co)‘t(ﬁ"H)(ﬂ'P(CCHa)i)

Parameter X-ray Neutron
a, A 9.180 (1) 9.192 (11)
b, A 16.631 (3) 16.631 (20)
c, A 11.593 (2) . 11.592 (14)
a, deg 93,13 (1) 93.06 (6)
8, deg 97.52'(1) 97.56 (7)
v, deg 90.65 (1) 90.68(9)
v, A® 1751.9 (5) 1753.9

< Intensity data corresponding to four independent octants of the
reciprocal lattice were collected at 20 + 2 °C via the #-26 scan mode
with a scintillation counter and pulse-height analyzer set to accept
90% of the Mo Ko peak. The intensities of 3312 reflections (5° <
20 < 45°) were measured with the Bragg angle for the crystal-graphite
monochromator 26y set at 12.16° and the takeoff angle at 4°,
Variable scan speeds with a minimum of 2.0° /min and variable scan
widths based on the overall intensity and width of each peak were
employed. Stationary-crystal, stationary-counter background
measurements for half of the total scan time were made on each side
of a peak. After every 50 reflections, two standard reflections were
measured to monitor the instrument’s stability as well as the crystal’s
alignment and decay. During the course of data collection, the
intensities of the standard reflections decreased monotonically by ca.
49%.

Since variable scan speeds were used, the calculated integrated
intensities were normalized to be consistent with a scan rate of 1°/min
by the expression I = [S — B(,/t,)](SR) where S designates the
integrated scan count obtained in time ¢,, B is the total background
count otained in time ¢y, and SR is the selected scan rate. The observed
integrated intensity of each reflection was then corrected for crystal
decay, Lorentz polarization, and absorption (u = 15.098 cm™) effects.
The Lp factor for the monochromator on the Syntex P1 diffractometer
is given by the expression!?

Ip= 0.5 rcos2 20y + cos? 20
P in 20 [ 1+cos?20y

cos 20y + cos? 20
1 4+ cos 20y

which assumes that the graphite monochromator crystal is 50% mosaic
and 50% perfect. The minimum and maximum transmission coef-
ficients were 0.663 and 0.770, respectively. The standard deviation
of each corrected intensity was obtained from the relationship

ofI) = {[S + B(t/%,)*)(SR) + 0.041%}'/2

The duplicate reflections were averaged to produce a total of 3075
independent reflections of which 2850 were found to have I = 1.04(J).
The quality of the x-ray data is indicated by the “agreement factors® 4
calculated for equivalent reflections of R,(F,) = 0.016 and R,(F,?)
= 0.014.

Refinement of the Bridging Hydrogen Atom Position

Two different methods were employed to determine the bridging
hydrogen atom position based upon our x-ray data. Since the atomic
positions of all of the atoms in Moy(1>-CsHs)2(CO)4(u-H) (u-P(CH;),)
were well established by the neutron diffraction study,® their values
serve as a good initial model for the x-ray data analysis. The atom
scattering factors'>!® were corrected for anomalous dispersion and
after three cycles (utilizing the neutron-determined positional and
thermal parameters for all atoms) with only the scale factor varied,
the discrepancy indices!® were R(F,) = 0.054, R(F,?) = 0.085, and
R,(F,2) = 0.125 for all the data. Full-matrix least-squares refinement
of the atomic positions and temperature factors (with anisotropic
factors for the nonhydrogen atoms and isotropic factors for the
hydrogen atoms) further reduced the discrepancy indices for all of
the data to their final values of 0.0402, 0.0611, and 0.0875, respectively,
and the goodness-of-fit parameter®™ to o, = 1.41. The final isotropic
temperature factors of all the hydrogen atoms were positive (B =
3.2-10.4 A?); the x-ray-determined nonhydrogen atom positions and
the corresponding bond distances and angles were essentially identical
with their neutron-determined values. The only major difference is
with regard to the Mo—H—-Mo molecular fragment. The distances
from the Mo atoms to the x-ray-determined bridging hydrogen position
differ by 0.30 (10) A (i.e., 3.0¢) with Mo(1)-H(17) = 1.94 (6) A
and Mo(2)-H(17) = 1.64 (6) A; the resultant Mo~H-Mo bond angle
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Figure 1. Difference Fourier sections through the Mo,(u-H)(u-P) plane calculated with (A) all of the x-ray data, (B) only data with (sin 8) /X
less than 0.43 A™', and (C) only data with (sin 8)/X less than 0.33 A-! The dashed contour represents 0 e/A3 with each successive contour

drawn at 0.3, 0.4, 0.5, 0.6, 0.7, and 0.75 e/A°%,

Table Il Positional Parameters® ¢ and Temperature Factors for the Mo, (#-H)(u-P) Fragment in Mo, (n°-C,H,),(CO), (p-H)(p-P(CH,),)

Atom x y z 10°,, 10%,, 10%,, 10%,, 10‘6,, 10°6,, B, A’
Mo(l) (2) 0.4852(2) 0.3362(1)  0.2455 (2) 52(2) 21 (1) 42(1) =3(l) 4 5 (1)
(b) 0.48467 (4)  0.33618 (2) 0.24546 (3)  65(1) 21(0) 45(0) —2(0) 6(0) 3(0)
() 0.48466 (4)  0.33618(2) 0.24546(3) 65(1) 21(0) 45(0) ~2(0)  6(0) 3(0)
Mo(2) (2) 0.8258(2) 0.3686 (1)  0.2045 (1) 60(2) 19(1) 40 (D 0) 14 () 3(1)
(b) 0.82576 (4)  0.36856 (2) 0.20437 (3)  67(1) 19(0) 43(0) 0(l) 12 (0) 2 (0)
(c) 0.82576(4)  0.36856(2) 0.20437 (3)  67(1) 19(0) 43(0) 0(l) 120 2 (0)
P (a) 0.6693 (3) 0.4356 (1)  0.3303 (2) 64 (3) 18(1) 472 -41) 11Q2) -2(D)
(b) 0.66934(12) 0.43582(7) 0.33042(10) 79(1) 21(0) 49(1) -2(1) 15(1) =—2(0)
() 0.66934(12) 0.43582(7) 0.33042(10) 79(1) 21(0) 49(1) —2() 15¢1) =2(0)
H(17) (2) 0.6490 (4) 0.3102(3) 01741 (4) 94(5) 35(2) 86(4) -—10(2) 24(4)  24(4) 3.85(8)
(b) 0.669 (6) 0.319 (3) 0.184 (5) 5.8 (1.4)
() 0.669 (6) 0.319 (3) 0.184 (5) 6.0 (1.4)

¢ (a), (b), and (c) represent the positional and temperature factor parameters for the neutron study, the first x-ray refinement, and the
sccond x-ray refinement, respectively. P The estimated standard deviations in parentheses refer to the least significant figures, € The form
of the temperature factor is exp {~(8,,42 + 8,,k* + Bysl® + 28,k + 28, bl + 28,,kD)}.

is 132 (3)°. At this point, it was not evident whether these differences
were due to our refinement procedure, the x-ray data, or both. As
a consequence, we decided to refine the hydrogen atom position using
more or less what has become the standard procedure for the de-
termination of hydrogen atoms bonded to transition metals. This
procedure is based on the fact that the hydrogen atom scattering
contribution is greater for low-angle reflections. Since the ratio of
the peak height of an atom to the standard deviation of the electron
density goes through a maximum as a function of scattering angle,
Ibers?! has pointed out that an optimum number of low-angle data
can be used to locate light atoms. A difference Fourier map was first
calculated in a conventional manner with all of the x-ray-determined
atom positions except for the bridging hydrogen atom included. The
section through the Mo,(u-P)(u-H) plane (Figure 1A) shows two
promising peaks superimposed on a broad area of positive electron
density. Following a procedure similar to that outlined by Bau and
co-workers,* two additional difference Fourier maps were calculated.
The map (Figure 1B) calculated with a (sin 8) /A cutoff of 0.43 A~
(1140 reflections) shows considerable improvement in resolution, but
two peaks (x; = 0.718, y; = 0.351, z; = 0.209; x; = 0.620, y; = 0.330,
z, = 0.214) of nearly equal magnitude remain. Finally, the third
difference Fourier map (Figure 1C) calculated with a (sin 8) /A cutoff
of 0.33 A-! (528 reflections) clearly resolves one peak? (p = 0.78
e/A% at x = 0.691, y = 0.342, and z = 0.207 which is the largest
peak in the entire three-dimensional map.

The subsequent refinement of the bridging hydrogen atom position
and its isotropic temperature factor, as resolved in the difference
Fourier map, was accomplished in three steps. By use of only low-angle
data ((sin 8) /A cutoff 0.33 A~), 528 reflections), the positional pa-
rameters of all of the atoms were refined. Then, with all of the
hydrogen atoms fixed, the nonhydrogen atoms were refined aniso-
tropically with all of the data. In the final step all parameters were

refined to give final discrepancy indices for all of the data of R(F,)
= 0.0402, R(F?) = 0.0611, and R,(F,?) = 0.874 with ¢, = 1.41, which
are essentially the same as the values obtained from the refinement
which utilized the neutron results.

Since this paper is primarily concerned with the x-ray-determined
and neutron-determined parameters associated with the Mo,(u-
H)(u-P) group, the corresponding positional and thermal parameters
from the output of the last least-squares cycle in each case® are listed
in Table II. Interatomic distances and bond angles with esd’s
calculated from the variance—covariance matrix are given in Table
I

Comparison of X-Ray and Neutron Parameters

The agreement between the derived parameters from the
x-ray and neutron diffraction data was tested by means of a
half-normal probability plot,>?” which is depicted in Figure
2. Ajis equal to |P.()| — |P.()ls where P,(j) and P,(j) are
the final values for parameters ; obtained from the x-ray and
neutron data, respectively, while a(;) is equal to {a*(P,(;)) +
cHPL(MI2, where o(P())) and o(P,(j)) are the corresponding
variances in these parameters. For the positional and thermal
parameters of all of the nonhydrogen atoms, the slope of the
plot is essentially linear but slightly larger than an ideal value
of 1.0 for a normal distribution. The fact that the slope in
this case is larger than unity indicates that the standard
deviations from the least-squares matrix are underestimated
by a factor of approximately 1.6. The zero intercept reflects
the absence of any systematic errors. The observation that
all of the points corresponding to the positional and thermal

parameters fall on the same line suggests that the corre-
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Table I1I. Interatomic Distances (&) and Bond Angles (deg) for
Mo, (n%-C;H,),(CO) ,(u-H) (u-P(CH,),)*®

(A) Interatomic Distances

Mo(1)-Mo(2) (a) 3.267 (2) Mo(1)-H(17) (a) 1.851 (4)
(b) 3.2714 (5) (b) 1.94 (6)
(c) 3.2715(5) : () 1.94 (6)

Mo(1)-P (a) 2.432(3) Mo(2)~H(17) (a) 1.869 (4)
(b) 2.431Q) (b) 1.64 (6)
(c) 2431(1) (c) 1.63(6)

Mo(2)-P (@) 2.411 (3) Mo-H(17)(av) (a) 1.86 (1)
(b) 2.420 (1) (b) 179 (15)
(c) 2.420(1) (c) 1.78(1%5)

(B) Bond Angles
Mo(1)~-H(17)- (a) 122.9(2) P-Mo(1)-H(17) (a) 76.0 (1)

Mo (2) ) 1323 ®) 69(2)
(c) 133(3) () 69(2)

Mo (1)~P- (a) 84.8(1) P-Mo(2)-H(17) (@) 76.3 (1)

Mo(2) (b) 84.81 (4 ®) 74 (2)
() 84.81 (4) ) 732

¢ (a), (b), and (c) represent the interatomic distances and bond
angles calculated from the neutron study, the first x-ray refine-
ment and the second x-ray refinement, respectively. Y The esti-
mated standard deviations which are shown in parentheses for
the average values are calculated from the formula ¢j" =
{L(l — L) (m?* — m)}'?, where m is the number of “equivalent”
bonds, I,,, is the length of the mth bond, and7 is the mean
length.

Aj/"'j

B2 ////J

+1 *2 *3 Y *S
2 L L : J

EXPERIMENTAL

EXPECTED Aj/c'j

Figure 2. Half-normal probability plot comparing positional and
thermal parameters derived from x-ray and neutron diffraction studies
of Mo,(7°-CsHs),(CO)4(u-H)(u-P(CHy),).

sponding parameters from the two diffraction studies are in
equally good agreement.

A comparison of the x-ray-determined and neutron-de-
termined structural parameters for the Mo,(u-H)(u-P) mo-
lecular fragment in Tables IT and III clearly illustrates that
while the respective values for the P.and Mo atoms are -es-
sentially identical within experimental error, the x-ray-de-
termined and neutron-determined hydrogen positions do not
coincide. This difference is due partially to the low x-ray
scattering power of the hydrogen atom, which leads to a broad
convergence minimum in the least-squares refinement, but also
reflects to some degree the premise that the x-ray-determined
hydrogen position in this case represents the location of the
electron density maximum in the Mo—H—-Mo bond, which does
not coincide with the position of the hydrogen nucleus.

Discussion of Results

Since the neutron study has shown that the hydrogen atom
is centered in the M—H-M hydrogen bond and resides within
a symmetric potential well, the hydrogen atom experiences
equivalent electronic environments from the two phosphi-
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Figure 3. Location of the “x-ray-determined” hydrogen position,
represented by x, with respect to the “neutron-determined” positions
in the Mo,(u-H)(u-P) plane. The average x-ray-determined Mo-H
distance of 1.79 A indicates that the electron density in the Mo~H~Mo
bond is located along the Mo—-H-Mo bisector near the centroid of
the Mo~H-Mo triangle.

do-bridged Mo(#*-CsH;),(CO), groups. The electron density
maximum within the Mo—H-Mo bond (due to the overlap of
the. Mo hybrid orbitals with the H 1s atomic orbital) is ex-
pected to be equidistant from the two Mo atoms. Although
the two x-ray-determined distances are not equal, an estimate
of the region-of common overlap can be made from the average
x-ray-determined Mo~H distance of 1.79 (15) A. On the basis
of the assumption that the average x-ray-determined distance
is a reasonable measure of the metal-overlap distance, Figure
3 illustrates, with respect to nuclear positions of the atoms in
the Mo,(u-H)(u-P) core, that the electron density maximum
is displaced nearly 0.2 A toward the Mo-Mo internuclear
vector from the bridging hydrogen atom. The consequence
of this displacement is an apparent shortening of ca. 0.1 A in
the average x-ray-determined Mo—H distance compared to the
average neutron-determined Mo—H distance of 1.86 (1) A.
This shortening is accompanied by a corresponding increase
in the Mo~H—-Mo bond angle from 123° to an estimated 133°,
which is comparable to the x-ray-determined values of 132 (3)
and 133 (3)° from the two least-squares refinements.

The estimated location of the electron density maximum
in the Mo-H~Mo bond in Figure 3 is consistent with a
qualitative bonding representation of the overlap region for
closed-type, bent W-H-W bonds, recently discussed by Bau
and co-workers.?® Their structural results?®2® on several
hydrogen-bridged tungsten dimers (W,(CO),(NO)(u-H),
W(CO)g(NOY(P(OCH,)5) (u-H), [(PPh;),N]*[W,(CO) -
(k-H)T7, and [Et,N]*[W,(CO) o(u-H)]") imply that a sig-
nificant amount of metal-metal interaction is present in the
bent W-H-W system. Since the W-W overlap distance
appears to remain fairly constant in the complexes which have
been studied, the region of maximum overlap is located near
the centroid of the W-H-W triangle. Our recent neutron
diffraction study?® of the tetraethylammonium salt of the
[Cr,(CO)o(u-H)]™ monoanion similarly has shown that the
estimated overlap region in the slightly bent Cr-H-Cr bond
(viz., 158.9 (6)°) does not coincide with the position of the
hydrogen nucleus but is displaced from it by ca. 0.3 A. From
these structural studies it has been concluded that the bridging
hydrogen atoms in bent M—H-M bonds are unlike terminal
hydrogen atoms in that they do not occupy regular metal
coordination sites. Consequently, the x-ray-determined position
for-the bridging hydrogen atom in a bent, closed-type M—~H-M
bond is expected to reflect the covalent character of the bond.
Similarly, on the basis of our assumption that the average
x-ray-determined hydrogen position ‘provides a reasonable
estimate of the electron density in a bent M—H-M bond, a
comparison of our x-ray and neutron diffraction results for
Moz(n -C5H5)2(CO)4(/.¢-H)(/.L P(CH3)2) demonstrates that the
region of maximum overlap is displaced from the hydrogen
nucleus toward the centroid of the Mo~H-Mo triangle.
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In general, x-ray diffraction methods when applied to
transition-metal hydrides containing bent M—H-M bonds will
give shorter average M—H distances and larger M—H-M bond
angles than neutron diffraction. The best x-ray-determined
hydrogen position is not only extremely sensitive to the quality
of the x-ray data and analysis but reflects the covalent nature
of the metal-hydrogen—metal bond. Consequently, although
a reasonable position for the bridging hydrogen atom in a
transition-metal hydride can be “refined” with x-ray data in
some cases, the inherent limitations of the x-ray diffraction
experiment prevent a detailed analysis of the metal-hydrogen
interaction,
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