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Summary

X-ray diffraction studies of the [Et;N]*, [(Ph5P),NT’, and {K(crypt-222)]°
salts of the [Mo,(CO),,(u-H)]™ monoanion were undertaken to examine the
influence of lattice effects upon the anion’s solid-state geoinetry. The outcome
of these studies has shown that the [Mo,(CO);o(2-H)] ~ anion can adopt either a
linear, eclipsed ([Et4N]" salt) or an appreciably bent, staggered ([(PhsP),N]*
and [K(crypt-222)]" salts) configuration with the degree of bending dictated by
the choice of the cation. For the fully characterized [(Ph;P),N]" and [K(crypt-
222)]" salts the corresponding dihedral angles between the two equatorial
planes in the anion are 15.4° and 29.9°, respectively. This greater bending of
the Mo—H—Mo bond and the metal carbonyl framework for the latter salts is
accompanied by a reduction of the Mo---Mo separation in the three-center,
two-electron bond from 3.4219(9) to 3.4056(5) A and a greater displacement
of the equatorial carbon atoms out of their equatorial plane. All three salts
crystallize in the triclinic space group, P1. [Et,N1*[Mo0,(CO),q(u-H)] is iso-
morphous with the previously characterized tungsten analogue, whereas the
refined lattice parameters for [(Ph;P),N1*[Mo,(CO),o(u-H)] ~ are a = 11.431(4),
b =14.267(4), c = 15.260(5) A, a = 69.40(2), 8 = 88.03(3), ¥ = 80.18(2)° and
for [K(crypt-222)]* [Mo,(CO),o(u-H] ™ are a = 10.056(2), b = 12.695(4), ¢ =
15.946(5) A, a = 71.56(2), § = 88.78(2), and vy = 86.16(2)°. Full-matrix least-
squares refinement of the diffractometry data (with contributions included for
all hydrogen atoms) led to final discrepancy indices of R(F,?) = 0.045 and 0.035
for the [(Ph;P),N]" and [K(crypt-222)]" salts, respectively.
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Introduction

The stereochemistry and chemical reactivity of the [M,(CO),;o(-H)]1™ anion
(M = Cr, Mo, W) have been studied extensively during the past several years.
From a structural point of view, these compounds are of particular interest due
to the presence of an unsupported three-center, two-electron M—H—M bond.
Structural studies of various salts of the corresponding Cr [1—3] and W [4,5]
compounds have shown that the solid state geometry of the anion can adopt
several different configurations. Because of the apparent flexibility of the
M—H—M linkage in [M.(CO).o(z-H)1 ", its metal carbonyl framework may vary
from a linear, eclipsed configuration, such as observed for [(Ph;P),N]"-
[Cx,(CO),o(1-H)] ™ [2b], to an appreciably bent, staggered configuration for the
[Ph,P]" [5] and [(PhsP),NT" [4] salts of [W,(CO),0(u-H)] . Although these
structural variations may be attributed largely to lattice packing forces, our
structural analysis of [ K(crypt-222)1 [Cro(CO),0(u-H)]1~ [3] suggests that
cation—anion interactions may also have a significant influence upon the
anion’s structure.

Despite the appreciable amount of structural information available for the Cr
and W carbonylates, the solid state structure of the [Mo,(CO),,(u-H)] ™ anion
has not been fully characterized. Darensbourg, Atwood, and coworkers [6,7],
however, have studied phosphine substitution reactions and their mechanisms
for [Mo,(CO);0(1-H)] . Their efforts have led to the isolation and structural
characterization of both a monosubstituted hydride, [Et,N]*[Mo,(CO)s(PPh;)-
(u-H)1™ [61, and a disubstituted species, [Et;N]1"[Mo,(CO)s(PMePh,),(u-H)]1~
[7]. Both binuclear anions possess a bent, staggered configuration with the
phosphine substituent(s) residing cis to the hydride bridge. The disubstituted
anion exhibits a greater bending of the molecular framework as evidenced by
the angle of intersection defined by the two Mo—CO.,, vectors of 148° for
[Mo,(CO)s(PMePh,),(u-H)]~ compared to 163° for [Mo,(CO)s(PPh,)(u-H)] .
Although this structural difference may be primarily due to a combination of
steric and electronic effects, the importance of packing effects upon the solid-
state structure of these hydride anions must also be considered. To provide the
structural data necessary to evaluate the influence of lattice effects on the geom-
etry of [ Mo,(CO),;0(u-H)]~, we have undertaken X-ray diffraction studies of
several salts of the unsubstituted molybdenum hydride anion. Details of the
structure determinations for [ (Ph;P),N]" [Mo,(CO),o(-H)] ™ and [K(crypt-
222)1"[Mo,(CO),;o(u-H)] ™ are discussed. The results of these studies complete
the structural data base for this series of Group VIB hydrides and thereby pro-
vide an opportunity to examine the structural changes that accompany phos-
phine displacement of CO on [Mo,(CO),.(u-H)1™.

Experimental

All syntheses were performed under a dry nitrogen atmosphere using solvents
freshly distilled under N, or Ar prior to use and purified by standard methods.
The Mo(CO)s and bis(triphenylphosphine)iminium chloride were purchased
from Strem Chemical Company; KBH, and crypt-222, C,3H;sN,O¢, were ob-
tained from PCR, Inc. The infrared spectra were recorded on a Beckman IR-8



spectrometer using matched CaF, cells. Proton NMR spectra (THF-d¢) were
measured on a Varian CFT-20 spectrometer operating in the FT mode. TMS
was used as the internal standard. Microanalyses were performed by Galbraith
Laboratories, Inc., Knoxville, Tennessee.

Preparation of salts of [Mo,(CO),o(t-H)] "~

The [Et,N]", [(PhsP),N]", and [K(crypt-222)]" salts of [Mo.(CO),o(u-H)]~
were prepared using published methods [8]. Samples suitable for chemical and
structural analyses were recrystallized from THF/hexane or ethanol.

[Et.N]"[Mo,(CO),o(u-H)] . Anal. Found: C, 35.09; H, 3.71. Caled. for
CysH,;NO;Mo,: C, 35.84; H, 3.51% IR v(CO) (THF): 2043w, 1944s, 1880m.
'H NMR spectrum: 7 6.72 (—CH,—, quartet, J(H—H) = 10 Hz); 7 8.70 (—CH,,
triplet of triplets, J(H—H) = 10 Hz, J(N—CH,) = 1.9 Hz); 7 22.14 (Mo—H,
singlet). Rough lattice parameters for the reduced triclinic unit cell: ¢ = 6.91,
b=8.94,c=1043 R, 0¢=77.2,3=86.7,v=T77.9°.

[(Ph3P),N]" [Mo,(CO),o(u-H)] . Anal. Found: C, 54.48; H, 3.16. Calcd. for
Cs6H3:NO,;P-Mo,: C, 54.62; H, 3.09%. IR v(CO) (THF): 2047w, 1946s, 1882m.
'H NMR spectrum: 7 2.52 (—CsHs, complex multiplet), 7 22.15 (Mo—H, singlet).

[K(crypt-222)]*[Mo,(CO),o(u-H)] ~. Anal. Found: C, 37.62; H, 4.44. Calcd.
for C,sH;,N,0,sKMo,: 37.85; H, 4.20%. IR »(CQ) (THF): 2043w, 1944s.
1881m. 'H NMR spectrum: 7 6.42 (—OCH,CH,O—, singlet); 7 6.46 (—OCH,—,
triplet, J(H—H) = 6 Hz); 7 7.45 (—CH,N—, triplet, J(H—H) = 6 Hz); 7 22.15
(Mo—H, singlet).

Single-crystal X-ray diffraction data and data collection

A preliminary X-ray diffraction analysis of [Et;N]1 [Mo,(CO),(u-H)] ™ indi-
cated that its crystal lattice is isomorphous with that for the Cr and W analogues.
Consequently, diffractometry data were measured for only the [(Ph;P),N]" and
[K(crypt-222)1" salts.

The same general procedure was employed to collect the X-ray diffraction
data for [(Ph;P),N]"[Mo,(CO),,(p-H)1™ and [K(crypt-222)]1"[Mo,(CO),o(u-H)]".
Preliminary oscillation and Weissenberg photographs of the crystalline samples
were taken with Cu-K,, radiation and indicated the Laue symmetry to be C;-1.
The ultimate structure in each case supported the selection of P1 (C;?, No. 2) as
the correct space group.

Each crystal was mounted on the end of a thin-glass fiber such that the crys-
tal growth axis was nearly parallel to the spindle axis of the goniometer. The
samples were protected from air and moisture by a thin-coating of a quick-drying
shellac and then transferred to a Picker goniostat under computer control by a
Krisel control diffractometer automation system. A peak search for low-angle
reflections produced a sufficient number of reflections for the autoindexing
routine *. The angular coordinates (w, X, and 26) of 20 higher order reflections
were calculated, optimized by the automatic peak centering algorithm *=, and
least-squares fit to give the corresponding refined lattice parameters in Table 1
and the orientation matrix.

* The automatic indexing algorithm is based upon Jacobson’s procedure [9].
** The automatic peak centering algorithm is similar to that described by Busing [10].
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Intensity data (hki, hEkl, hkl, hE] ) were measured with Zr-filtered Mo-K,
X-ray radiation ((K,,;) 0.70926 A, (K,,) 0.71354 A) at a take-off angle of 2°.
The 6—26 scan mode was employed with a fixed sean rate of 2.0° /min and

variable scan widths calculated from the expression w = A + B tan 6. Background

counts of 10 s duration were measured at the extremes of each scan using the
(stationary-crystal)-(stationary-counter) method. The counter aperture of 1.0
mm diameter was placed 12 mm from the crystal. A scintillation counter was
employed with the pulse height analyzer adjusted to accept 90% of the diffrac-

tion peak. During data collection the intensities of two standard reflections were

measured periodically. The integrated intensity, I, and its standard deviation,
6.(I), for each of the measured peaks were calculated from the expressions
I=w(S/t, — B/ty) and o.(I) = w(S/t,* + B/t,?)"?. In these equations S repre-
sents the total scan count measured in time f; and B is the combined back-

TABLE 1

DATA FOR THE X-RAY DIFFRACTION ANALYSES OF THE [(Ph3P);N1* AND [K(erypt-2221*

SALTS OF [Mo2(CO); g(u-H)1™

. [(Ph3P), N1+ Salt [K(crypt-222)1* Salt
(A) Crystal data
Crystal system trichnie trielinic
Space group P1(Cijl.no.2) Pi(C,1, No. 2)
a (A) 11.431(4) 10.056(2)
b (A) 14.267(4) 12.695(4)
c Q) 15.260(5) 15.946{5)
e (®) 69.40(2) 71.56(2)
B 88.03(3) 88.78(2)
7 80.18(2) 86.16(2)
volume (&3) 2295(1) 1927(1)
formula wt. (amu) 1011.58 888.58
density (obsd) (g em™3) 1.43 1.52
density (caled) (g em™3) 1.484 1.531
Z, formula unitsfunit cell 2 2
L (cm™1) 6.6 8.2

(B) Data collection and analysis summary

crystal dimensions (1nm)

detector angle range (°)

28-range for centered reflections (°)

scan-wiGth parameters

no. of standard reflections

erystal decay (%)

total no. of measured reflectrons

unique data used

agreement between equivalent data:
Raw(Fo)
Rau(Fo?)

transmission coefficients

p

R(F, 0)

R(Fg2)

Rw{F 02)

O1, error in obsexvation of unit weight

no. of variables

0.27 X 0.20 X 0.40
5 < 26 < 40

25—32
A=1.6:B=0.7
2A5—~50.546)

29

4589

3306 (Fg2 > 30(Fg2))

0.012
0.010
0.87—0.90
0.04
0.032
0.045
0.079

1.57

550

0.175 X 0.23 X 0.33
5 <26 <45

25—34
A=11:B=0.8
2(—245:633)

13

5489

3991 (Fg2 > a(Fg?))

0.009
0.010
0.83—0.87
0.03

0.025
0.035
0.060

1.38

442
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ground count in time #,. The intensity data were corrected for crystal decay,
absorption and Lorentz-polarization effects. The unusually large intensity
decay observed during the collection of the X-ray diffraction data for the
[(Ph3P),N]* salt was essentially linear with exposure time. The standard devia-
tion of the square of each structure factor, Fy> = AI/Lp, was calculated from
0(Fo?) = [0.(Fo?)* + (0F¢*)*1Y2. Duplicate reflections were averaged. No correc-
tions for extinction were necessary. Additional details about the data collection
procedure are summarized in Table 1.

Structural analysis

The crystal structure of [(Ph;P),N1'[Mo0,(CO),(-H)1~ was determined by
heavy-atom methods. The initial positions of the two independent Mo atoms
were interpreted from the strongest peaks of an unsharpened three-dimensional
" Patterson map and used in subsequent Fourier summations to locate the
remaining non-hydrogen atoms. Idealized positions for the phenyl hydrogens
were calculated using MIRAGE [11]. A difference Fourier map calculated with
low angle data (sin 8/\ < 0.40 A™!') provided sufficient residual density to
approximate the position of the bridging hydrogen atom in the anion. Its posi-
tion was partially refined by varying it with only the positional and thermal
parameters for the anion prior to the final refinement. Full-matrix least-squares
refinement with anisotropic temperature factors for the 61 non-hydrogen atoms
and fixed atom contributions for the 31 hvdrogen atoms led to the final dis-
crepancy indices of R(F,) = 0.0382, R(Fy?) = 0.045, and R ,(Fy*) = 0.079 with
o, = 1.57 for the 83306 reflections with Fy2 = 30(Fy?).

The crystal structure of [K(crypt-222)]*"[Mo,(CO),o(u-H)]~ was solved with
the aid of MULTAN 78 [12]. The approximate positions of the Mo atoms were
initially interpreted from the first E-map calculated on the basis of the phase
assignments for the noncentrosymmetric P1 space group. The coordinates of the
actual center of symmetry were calculated and subiracted from the initial Mo
positions to determine the approximate positions of the two independent Mo
atoms in the centrosymmetric P1 cell. Subsequent Fourier syntheses provided
the coordinates for the remaining non-hydrogen atoms. Anisotropic thermal
parameters were introduced and refined. A difference Fourier synthesis using
only low angle data (sin /X < 0.40 A™') led to the unambiguous location of all
hydrogen atoms in the structure. The residual assigned to the bridging H atom
corresponded to the largest peak on the difference Fourier map. Full-matrix
least-squares refinement with anisotropic temperature factors for the 49 non-
hydrogen atoms and fixed atom contributions for the 37 hydrogen atoms led to
the final convergence with R(F,) = 0.025, R(F,*) = 0.035, R, (F,*) = 0.060,
and o0, = 1.38 for 3991 raflections with F2 > o(Fy2).

The least-squares refinements of the X-ray diffraction data for both salts
were based on the minimization of Zw;|Fo? — S?*F.?| where the individual
weight, wj, is equal to 1/0%(Fy?) and S is the scale factor. The discrepancy
indices were calculated from the expressions

R(Fy) =[SlFl— IF, ISIF,l],
.R(Foz) =2'F02—FCZI/EF02 ,and
Rw(Foz) = [ZwilFoz — Fczlz/EcuiFo"] V2 (Continued on p. 66)
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(A) Distances within the [Mo,(CO};o(B-H)]™ monoanion

Mo(1)—H 1.76(5) Mo(2)—H 1.93(5)
Mo(1)—C(1) 2,045(7) Mo(2)—C(6) 2.027(T)
Mo(1)—C(2) 2.018(8) Mo(2)—C(T) 1.591(9)
Mo(1)—C(3) 2.005(7) Mo(2)—C(8) 2.010(6)
Mo(1)—C(4) 2.041(8) Mo(2)—C(9) 1.979(8)
Mo(1)—C(5) 1.942(8) Mo(2)—C(10) 1.934(9)
C(1)y—0(1) 1.120(9) C(6)—0(6) 1.129(9)
C(2)—0(2) 1.133(10) C(T)—O(T) 1.131(12)
C(3)—0(3) 1.138(9) C(8)—O0(8) 1.135(7)
C(2)—0(4) 1.124(10) C(9)—0(9) 1.133(10)
C(5)—0(5) 1.160(10) C(10)—0(10) 1.158(12)
Mo(1) ... Mo(2) 3.4219(9)

(B) Distances within the [(Ph 3P)21‘V]+caﬁon

p—N 1.569(1) av cC—C 1.370(7) av
Pp—C 1.790(1) av P---P 2,991

(C) Bond angles within the [Moz(CO)1o(u-H)] ™ monoanton

Mo(1)—H—Mo(2) 136(3)

H—Mo(1)—C() 96(1) H—-Mo(2)—C(6) 91(1)
H—Mo(1)—C(2) 78(1) H—Mo(2)—C(7) 104(1)
H—Mo(1)—C(3) 82(1) H—Mo(2)—C(8) 81(1)
H—Mo(1)—C(4) 100(1) H—Mo(2)—C(9) 76(1)
H—Mo(1)—C(5) 164(1) H—Mo(2)—C(10) 166(1)
C(1)—Mo(1)—C(2) 92.4(3) C(6)—Mo(2)—C(7) 89.0(3)
C(1)—Mo{1)—C(3) 175.9(3) C(6)—Mo(2)—C(8) 172.6(4)
C(1)—Mo(1)Y—C(4) 88.8(3) C(6)—Mo(2)—C(9) 91.4(3)
C(1)—Mo(1)—C(5) 90.6(3) C(6)—Mo(2)—C(10) 91.8(3)
C(2)—Mo(1)—C(3) 91.0(3) C(7)—Mo(2)—C(8) 91.4(3)
C(2)y—Mo(1)—C(4) 178.5(3) C(7)—Mo(2)—C(9) 179.0(4)
C(2)y—Mo(1)—C(5) 87.4(3) C(7)—Mo(2)—C(10) 89.0(4)
C(3)y—Mo(1)—C(4) 87.9(3) C(8)—Mo(2)—C(9) 88.3(3)
C(3)—Mo(1)—C(5) 92.0(3) C(8)—Moa(2)—C(10) 95.5(3)
C(4)—Mo(1)—C(5) 93.6(3) C(9)—Mo(2)—C(10) 90.1(4)
Mo(1)—C(1)—0(1) 178.9(9) Moa(2)—C(6)—O0(6) 179.8(9)
Mo(1)>—C{2)—0(2) 175.4(8) Mo(2)—C(7)—0(7) 179.2(7)
Mo(1)—C(3)—0(3) 178.2(8) Mo(2)—C(8)—0(8) 176.8(7)
Mo(1)—C(4)—0(4) 178.47) Mo(2)—C(9)—0(9) 177.1(7)
Mo(1)—C(5)—0(5) 178.3(5) Mo(2)—C{10)—0(10) 179.2(7)

(D) Bond angles within the [(Pth)zN]"'calion

P(1)y-N—P(2) 144.8(2)

C(11)—P(2)—N 108.8(2) C(29)—P(2)—N 115.2(2)
C(17)—P(1)—N 111.3(2) C(35)—P(2)—N 110.6(2)
C(23)—P(1)—N 113.39(2) C(41)—P(2)—N 108.2(2)
c—p—C 107.5(2) av. P—C—C 120.4(3) av.
c—C—C 120.0 av.

@ The e.s.d.’s given in parentheses for the interatomic separations and bond angles were calculated from
the standard errors in the fractional coordinates of the corresponding atomie positions. ¥ The e.s.d.’s
which are shown in parentheses for the average values are calculated from the formula op= [zq@— lm)2 /
(m2 — m)1Y/2, where m is the number of “‘equivalent”” bonds (or angles), I,, is the value ot the mth bond
(or angle), and 7 is the mean value.
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TABLE 5
INTERATOMIC DISTANCES (A) AND BOND ANGLES (DEG) FOR [K(crypt-222)]*[Mo3(CO)ow-H)]~ ¢

(A) Distances within the [Mo3(CO)1o(i2-H)]~ monoanion "
Mo(1)—H 1.89(4) Mo(2)—H 1.91(4)
Mo(1)—C(1) 2.026(4) Mo(2)—C(6) 2.028(5)
Mo(1)—C(2) 2.023(4) Mo(2)—C(7) 2.026(4)
Mo(1)—C(3) 2.032(5) Mo(2)—C(8) 2.029(4)
Mo(1)—C(4) 2.039(4) Mc(2)—C(9) 2.040(4)
Mo(1)—C(5) 1.966(5) Mo(2)—C(10) 1.956(5)
C(1)—0(1) 1.139(5) C(6)—0(6) 1.144(6)
C(2)—0(2) 1.142(5) C(7)—0(7) 1.140(5)
C(3)—0(3) 1.138(6) C(8)—0(8) 1.144(5)
C(4)—0(4) 1.138(5) C(9)—0(9) 1.136(5)
C(5)—0(5) 1.158(6) C(10)—0Q10) 1.156(6)
Mo(1) ... Mo(2) 3.4056(5)

(B) Distances within the [K(crvpt-222]* cation

K—N(1) 3.023(3) K—N(2) 3.060(4)

K—0{11) 2.796(2) K—0(12) 2.872(3) K—O0(5) 2.803(3)
K—0(@12) 2.826(2) K—0(14) 2.871(3) K—O0(16) 2.827(3)
N(1)—C(11) 1.457(5) N@)—Cc@amn 1.473(4) N(1)—C(23) 1.465(5)
N(2)—C@ase) 1.476(4) N(2)—C(22) 1.460(5) N(2)—C(28) 1.464(6)
C(11)—Cc@12) 1.503(5) C(13)—C(14) 1.487(6) C(15)—C(@16) 1.488(7)
C(17)>—C(18) 1.488(6) C(19)—C(20) 1.471(7) C(21)—C(22) 1.475(6)
C(23)—C(24) 1.505¢(6) C(25)—C(26) 1.493(7) C(27)—C(28) 1.493(7)
a(11)—-c@a2) 1.420(5) 0O(13)—-C(18) 1.407(6) 0(15)—C(24) 1.405(5)
0(11)-—C(13) 1.415(4) 0(13)—C(19) 1.423(5) 0(15)—C(25) 1.418(5)
o@l12)>—Cc@14) 1.415(5) 0(14)—C(20) 1.418(9) 0(16)—C(26) 1.412(5)
0(12)—C(15) 1.420(5) 0O(14)—C(21) 1.418(6) 0(16)—C(27) 1.435(6)

(C) Bond angles within the [Mo2(CO)19f{Kk-H)]™ monoanion

Mo(1)—-H—Mo(2) 127(2)

H—Mo(1)—C(1) 91(1) H—Mo(2)—C(6) 93(1)
H—Mo(1)—C(2) 83(1) H—Mo(2)—C(7) 103(1)
H—Mo(1)—C(3) 79(1) H—Mo(2)—C(8) 80(1)
H—Mo(1)—C(4) 104(1) H—Mo(2)—C(9) 84(1)
H—Mo(1)—C(5) 169(1) H—Mo(2)—C(10) 169¢1)
C(1)—Mo(1)—C(2) 89.1(1) C(6)—Mo(2)—C(7) 90.0(2)
C(1)—Mo(1)—C(3) 170.6(2) C(6)—Mo(2)—C(8) 173.8(2)
C(1)—Mo(1)—C(4) 90.7(1) C(6)—Mo(2)—C(9) 92.1(2)
C(1)—Mo(1)—C(5) 93.6(2) C(6)—Mo(2)—C(10) 91.5(2)
C(2)—Mo(1)—C(3) 88.9(1) C(7)—~Mo(2)—C(8) 92.1(2)
C(2)—Mo(1)—C(4) 171.9(2) C(7)—Mo(2)—C(9) 172.2(2)
C(2)—Mo(1)—C(5) 86.8(2) C(7)—Mo(2)—C(10) 85.4(2)
C(3)—Mo(1)—C(4) 92.6(2) C(8)—Mo(2)—C(9) 86.6(2)
C(3)—Mo(1)—C(5) 95.4(2) C(8)—Mo(2)—C(10) 94.5(2)
C(4y—Mo(1)—C(5) 85.1(2) C(9)—Mo(2)—C(10) 87.0(2)
Mo(1)—C(1)—O0(1) 178.7(3) Mo(2)—C(6)—0(6) 179.5(5)
Mo(1)—C(2)—0(2) 173.5(4) Mo(2)—C(7)—0(7) 175.5(4)
Mo(1)—C(3)—0(3) 175.2(4) Mo(2)—C(8)—0(8) 176.8(3)
Mo(1)—C(4)—0(4) 174.4(4) Mo(2)—C(9)—0(9) 174.4(4)
Mo(1)—C(5)—0(5) 179.7(4) Mo(2)—C(10)—0(10) 178.4(4)

(D) Bond angles within the [K(crypt-222)]* cation

N(1)-K—N(2) 177.7(1)

N@1)—K—o11) 59.8(1) N(1)-K—0(13) 59.5(1) N(@1)—K—0@a5) 60.9(1)
N(2)—K—0(12) 60.6(1) N(2)—K—0(14) 59.1(1) N(2)}—K—0(16) 60.1(1)
N(1)—K—0(12) 120.2Q1) N(1)—K—0(14) 118.6(1) N(1)—K—0(16) 121.1(1)
N(2Y—-K—0(11) 120.8(1) N(2)—K—0(13) 118.2(1) N(2)—K—0(15) 120.5(1)
0o(11)—K—0(12) 60.5(1) 0(12)—K—0(13) 130.6(1) 0(13)—K—0(15) 94.2(1)

O(11)>—K—0(13) 95.0(1) 0(12)—K—0(14) 94.6(1) 0(13)—K—0(16) 119.2(1)
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TABLE 5 (continued)

(D) Bond angles within the [K(crypt-222)]1* cation

O0(11)—K—0(14) 120.3(1) 0(12)—K—0(15) 130.8(1) 0(14)—K—0(15) 129.9(1)
O(11)—K—0(@15) 102.41) 0(12)—K—0(16) 102.6(1) 0(14)—K—0(16) 93.9(1)
0@11)-K—0(16) 141.4(1) 0(13—K—0(14) 59.4(1) 0@15)—K—0(@16) 60.6(1)

C(11)—N(@i)—C@17) 109.4(3) C(11)—N(1)—C(23) 109.9(3) C(17)—N(@1)—C(23) 110.4(3)
C(16)—N(2)—C(22) 110.6(3) C(16)—N(2)—C(28) 110.1(3) C(22)—N(2)—C(28) 109.8(3)
N(1)—C(11)—C(12) 114.4(3) N(1)—C(@17)—C(@18) 113.0(3) N(1)—C(23)—C(24) 114.8(3)
C(11)—C(12)—0(11) 108.3(3) C(17)—C(18)—0(13) 109.8(3) C(23)—C(24)—0(15) 109.6(3)
C(12)—0(11)—C(13) 112.5(3) C(18)—0(13)—C(19) 111.9(3) C(24)—0(15)—C(25) 112.9(3)
0(11)—C(13)—C(14) 109.3(3) 0(13)—C(19)—C(20) 108.9(4) 0(15)—C(25)—C(26) 109.0(3)
C(13)—C(14)>—0(12) 108.9(3) C(19)—C(20)—0(14) 109.7(3) C(25)—C(26)—0(16) 109.4(3)
C(14)—0(12)—C(15) 111.6(3) C(20—0(14)—C(21) 112.8(3) C(26)—0(16)—C(27) 112.9(3)
O(12)—C(15)—C(16) 109.3(3) 0(14)—C(21)—C(22) 110.2(3) 0(16)—C(27)—C(28) 109.0(3)
C(15)—C(16)—N(2) 112.9¢3) C(21)—C(22)—N(2) 113.1(4) C(27)—C(28)—N(2) 112.7¢4)

@ The corresponding bonding parameters for the hydrogen atoms in the [K(crypt-222)1* cation are pro-
wvided in the supplementary material,

The ““goodness-fo-fit”’ parameter, o,, was calculated from o, = [Zw;1F* — F 21/
(n —p)1*'?, where n is the number of observations and p is the number of
parameters varied. A final Fourier difference map in each case revealed no
regions of residual electron density greater than 0.3 ¢ /A® and thereby verified
the correctness of the structural analyses. The scattering factors utilized in all
structure factor calculations were those of Cromer and Mann [13] for the non-
hydrogen atoms and those of Stewart et al. [14] for the hydrogen atoms. Cor-
rections were inciuded for anomalous dispersion effects [15] for the non-
hydrogen atoms.

The positional and thermal parameters obtained from the last least-squares
refinement cycles are presented in Tables 2 and 3 for [(Ph;P),N1*[Mo,(CO);¢-
(u-H)]1™ and [K(crypt-222)]1°[Mo,(CO),o(u-H)] ", respectively. The es.d.’s pro-
vided for the positional parameters of the bridging H atom in each case were
calculated during a full-matrix refinement performed on only the anion just
prior to the final refinement cycle. The corresponding interatomic distances
and bond angles, calculated from the estimated standard errors of the fractional
coordinates, are provided in Tables 4 and 5. The atom numbering scheme for
eacn salt is similar to that used for the respective Cr analogue [2b,3]. Least-
squares planes defined by specific atoms in the [Mo,(CO),o(u-H)] ™ anion and
their dihedral angles have been calculated and are included in the deposited
material. * The compuier programs which were employed to perform the neces-
sary computations have been described elsewhere [16].

* A table of the hydrogen positional parameters for the [(Ph3P)2N1+a.nd [K(crypt-222)]" cations, a
table of bond distances and angles for the hydrogen atoms in the [K(crypt-222)]* cation, 2 com-
plete table of the bond distances in the [(Ph3P)» N]* cation, a table summarizing the least-squares
planes calculation for the [Mo2(CO);o(1-H)] ™ anion of each salt, a table of torsional angles in the
[K(crypt-222)]1* cation, and the corresponding structure factor tables have been deposited as
NAPS Document No. 03764 (39 pages). Order from ASIS/NAPS, c/o Microfiche Publications,
P.O. Box 3513, Grand Central Station, New York, NY 10017. Remit in advance, in U.S. funds
only, $ 9.75 for photocopies or $ 3.00 for microfiche, Cutside the U.S.A. and Canada add
Dostage of § 3.00 for photocopy and $ 1.00 for microfiche.
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Results and discussion

General description of the crystal and molecular structures

The crystal structures of [(Ph;P),N]*[Mo,(CO);o(u-H)]™ and [K(crypt-222)1"
[Mo,(CO),o(u-H)] ™ are depicted stereographically in Figs. 1 and 2, which show
the arrangement of the two cations and two anions in their respective triclinic
unit cells. Since the structures of the ions are not constrained by crystallograph-
ically-imposed symmetry, the crystallographic asymmetric unit in each case
contains one cation and one anion. The interionic contracts to not suggest the
presence of any unusual interactions among the ions. For [K(crypt-222)}*-
{Mo,(CO),o(2-H)]1 ™ this result is a bit surprising since our structural investiga-
tion of [K(crypt-222)1'[Cr:(CO),;o(u-H)] ™ [3] has shown that the K ion inter-
acts with an O atom of one of the carbonyl groups. The relatively close K---O
separation of 2.966(3) A, which is nearly equal to the sum of the corresponding
ionic radii of ca. 2.9 A, suggests the presence of an appreciable cation—anion
interaction. Although this interaction does not noticeably perturb the local
C,, symmetry of the Cr(CO); fragment, it leads to a twisting distortion of the
metal carbonyl framework from an eclipsed configuration [3]. By comparison
the shortest K---O interionic separation in the molybdenum analogue is
3.444(3) A.

The molecular configuration of the [Mo,(CO),o(u-H)] ™ anion closely con-
forms to that previously observed for the analogous tungsten salts. For [Et,N]"-
[W2(CO);o(u-H)] ™ a linear, eclipsed metal carbonyl configuration is observed,
whereas for the corresponding [(Ph;P),N]" salt, a bent, staggered carbonyl struc-
ture for the anion is found [4]. Although a complete structural analysis of
[EtsN1"[M0,(CO),o(2-H)]~ was not undertaken, the similar magnitude of the
lattice parameters for the Mo and W salts is reasonable evidence to conclude
that they are isomorphous. For the [(Ph;P),N1" and [K(crypt-222)]" salts our
structural determinations have shown that the appreciably bent, staggered car-
bonyl configuration is preferred by the [Mo,(CO);¢(¢#-H)] ™ anion.

Fig. 1. Stereographic view of the arrangement of two [M02(CO); o(#-H)]1 ™ anions and two [(Ph3P); N1*
cations in the triclinic unit cell of P1 symmetry. The thermal ellipsoids for the non-hydrogen atoms were
scaled to enclose 40% probability.



Fig. 2. Stereographic view of the corresponding unit cell contents of [K(crypt-222)]* {Mo3(CO);o(u-H)1 .
The thermal ellipsoids are scaled to enclose 50% probability.

The structure of the [(Ph;P),N]" cation adopts the usual bent P—N—P con-
figuration, with P—N distances of 1.570(4) and 1.568(4) A and a P—N—P angle
of 144.8(2)°. The six independent phenyl! rings are each planar within experi-
mental error and a nearly tetrahedral geometry is retained about each phos-
phorus atom.

The conformational structure of the [K(crypt-222)]" cation is in accord
with that observed for [ K(crypt-222)11 [17] in which the K* ion is surrounded
by the cryptate molecule and coordinated to six O atom and two N atom donors.
The normal ‘‘in-in’’ nitrogen configuration is found with N(1) and N(2) dis-
placed 0.478(4) and 0.472(4) A from C(11), C(17), C(23) and C(16), C(22),
C(28) planes, respectively, toward the central K* ion. The K—N distances are
3.023(3) and 3.060(4) A with a nearly linear N—K—N bond angle of 177.7(1)°.
The six K—O distances range from 2.769(2) to 2.872(3) A. The geometry of the
six oxygen atoms of the cation resembles closely a trigonal prism. The twist
angle, defined as the torsional angle between two O—CNT vectors, where CNT
is the centroid of the respective triangular face of the prism and O is one of the
pair of O atoms which share an edge of the prism, is 6.3° (av) compared to 10.8°
(av) for [K(crypt-222)1*[Cry(CO),o(u-H)1™ [3] and 22.5° (av) for [K(crypt-222)]
[17]. The magnitude of this torsional angle is related inversely to the N---N
separation which is ca. 6.08, 5.98, and 5.75 A, respectively, for these [K-
(crypt-222)]” salts. As the cryptate ion is elongated, the triangular faces of the
prism approach a more nearly eclipsed alignment.

Molecular configuration of the [Mo,(CO),o(u-H)] ~ anions

From our structural analysis the molecular structure of the [Mo,(CO),0-
(u-H)] ™ anion is influenced strongly by the choice of the counter cation. For
the three salts which we have examined, the [M0,(CO),q(#-H)]1™ anion can
adopt either a nearly eclipsed configuration as presumed for the [Et.N]" salt or
an appreciably bent metal carbonyl arrangement for the fully characterized
[(Ph;P),N]1" and [K(crypt-222)]” salts. This observed variation in the structure
of the [M0,(CO),+(2-H)] ™ anion is reminiscent of that observed for the
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[(Ph;P),N]" cation with the degree of bending of the P—N—P bond angle (i.e.,
135—180°) dependent upon in this case the counter anion [18].

Perspective views of the anion’s configuration found for each of these two
salts are shown in Fig. 3 with the atom labeling scheme. A comparison of the
appropriate X-ray-determined structural parameters indicate that their overall
configurations are reasonably similar. A pseudo-octahedral geometry is main-
tained about each metal center. The greater w-acceptor ability of the axial CO
ligand trans to the bridging H atom is reflected by the 0.05—0.09 A shorter
Mo—C,x) distance and the 0.02—0.03 A longer C,,y—0O(.y) distance compared
to the corresponding equatorial carbonyl distances. The staggered carbonyl
arrangement is confirmed by the ca. 45° dihedral angles between appropriate
pairs of planes passing through two trans equatorial carbonyl carbons, the axial
carbonyl carbon, and the Mo atom of each Mo(CQC)s moiety.

The principal difference between these two configurations is the dihedral
angle between the two equatorial planes in the anion. For the [(Ph;P),N]" salt
the dihedral angle is 15.4° compared to a substantially larger value of 29.9° for
the [K(crypt-222)]" salt. The corresponding angles of intersection between the
two Mo—COq,,, vectors are 165.7(3) and 148.2(2)°, respectively, and reflect the

(a)

(b)

Fig. 3. Prespective views of the [Mo2(CO)1 g{(&-H)]™ anion for the (a) [(Ph3P)2N]+and () [K(crypt-
222)1* salts. The dihedral angles between the two planes containing the equatorial carbonyl carbons are
15.4 and 29.9°, respectively.
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greater bending of the Mo—H—Mo bond in the metal carbonyl framework of the
[K(crypt-222)]" salt. This bending reduces the Mo---Mo separation of the three-
center, two-electron Mo—H—Mo bond from 3.4219(9) to 3.4056(5) A and pro-
duces a greater displacement of the equatorial carbonyl atoms cut of their equa-
torial plane. For [(Ph;P),N]"[Mo,(CO),¢(t-H)]~ the equatorial carbonyl groups
of the anion are for the most part displaced toward the bridging hydride. In
contrast, for [K(crypt-222)1"[Mo,(CO)o(12-H)]™ an alternating pattern is estab-
lished where carbonyls 1, 3, 6 and 8 are bent toward while carbonyls 2, 4, 7,
and 9 are bent away from the hydride. This variation associated with the orien-
tation of the equatorial carbonyls in the [K(crypt-222)]* salt probably helps

to relieve some of the increased steric repulsion between the two Mo(CO);

units that accompanies the reduction of the Mo—H—Mo angle. From this com-
parison of these various configurations of the [ Mo,(CO),o{u-H)]1 ™ anion, it is
apparent that lattice effects have a significant influence upon the degree of
bending associated with the anion’s solid-state geometry.

With this in mind, let us consider the consequences of phosphine substitution
upon the molecular framework of the [ Mo,(CO),¢(u-H)] ™ anion. From the reac-
tions of PPh; and excess PMePh, with [Mo,(CO),(u-H)] ", Darensbourg, Atwood
and co-workers [6,7] have isolated a monophosphine-substituted hydride,
[Et;N1'[Mo,(CO)o(PPh;)(u-H)] ™ and a diphosphine-substituted hydride,

[Et, N1 [Mo,(CO)s(PMePh,),(u-H)] ", respectively. Their subsequent structure
determinations of these salts have shown that both anions prefer a bent,
staggered metal carbonyl configuration with the phosphine substituent(s) cis to
the hydride bridge. In these phosphine derivatives a similar difference in the
degree of bending associated with the molecular framework is observed. For the
monosubstituted anion the angle of interaction between the two M—CQ,,, vec-
tors is 163° (compared to 166° in [(Ph3P),N]1*[Mo0,(CO),0(-H)] "), whereas for
the disubstituted anion it is 148° (identical to that in [K(crypt-222)]°-
[Mo0,(CO),6(2-H)17). The greater bending of the disubstituted anion is similarly
accompanied by a ca. 0.03 A decrease in the Mo---Mo separation. Based upon
steric factors one can reasonably understand why cis placement of the two
PMePh, substituents in [ Mo,(CO)g(PMePh,),(u-H)] ™ anion produces a more
pronounced bending of the Mc—H—Mo bond. However, from our structural
data, it becomes apparent that the same alteration of the metal carbonyl frame-
work and its Mo---Mo separation can be accomplished by use of a different
counter cation. The replacement of [Et.N]* by [(Ph;P),N]* and then by
[K(crypt-222)]" has been shown to produce a continual increase in the dihedral
angle between the equatorial planes. This result reflects the inherent flexible
nature of the Mo—H—Mo bond. Therefore, from the structural data available
for these various salts of the [Mo,(CO);¢(u-H)] ~ anion and its phosphine-substi-
tuted derivatives, one must conclude that a delicate balance exists between
steric, electronic, and lattice effects which in each case collectively control the
ultimate configuration of these hydride complexes in the crystal lattice.
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