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Bis(tetracarbonylphenyldiazomanganese), [PhN=NMn(CO)4]2, crystallizes in the centrosymmetric triclinic space group
PT[Cil; No. 2] witha = 7.236 (1) A, b =8.889 (2) A, ¢ = 9.468 (2) A, o = 80.52 (2)°, 8 = 77.38 (1)°, v = 71.44 (1)°,
and V = 560.4 A3, The observed density is 1.59 (2) g cm-3, while p(caled) = 1.613 g cm-3 for mol wt 544.2 and Z =
1. Single-crystal X-ray diffraction data complete to 26 = 50° (Mo Ka radiation) were collected with a Picker FACS-1
diffractometer and the structure was solved using conventional Patterson, Fourier, and least-squares refinement techniques.
All atoms, including hydrogens, were located, the final discrepancy indices being Rr = 3.43% and Rwr = 3.61% for the
1974 independent reflections (none rejected). The [PhN==NMn(CO)4}2 molecule lies on a crystallographic center of symmetry.
The two manganese atoms are separated by 3.235 (1) A and are bridged by two u-phenyldiazo ligands. The bridges are
not, however, symmetrical; thus Mn—-N(1) = 2.031 (2) A vs. Mn'-N(1) = 2.023 (2) A and Mn-N(1)-N(2) = 134.5 (1)°

as opposed to Mn'-N(1)-N(2) = 119.5 (1)°.

Introduction

Transition metal complexes having aryldiazo (R—N=N-,
R = aryl) ligands in terminal positions have been known for
some time.l-6 The study of such complexes has been given
considerable impetus as a result of (i) the suggestion that these
systems may be used as models for the enzymatic reduction
of dinitrogen? and (ii) the fact that the aryldiazo system is
isoelectronic with nitric oxide in its bonding to transition metal
atoms. ’

As with nitric oxide, the aryldiazo ligand may coordinate
to a transition metal in either a linear or a bent manner; within
the framework of the valence-bond approach, the aryldiazo
ligand can be regarded as behaving as RN2* (when the
M-N-N system is linear) and as RN2~ (when the M—-N-N
system is bent, with an angle of ca. 120°). Each of these cases
has, in fact, been observed. Thus, the complexes
(PPhMe2)3Re(N=NPh)Cl2,” (HB(pz)3)Mo(CO)2(N=
NPh),8 and (PPh3)2Ru(N=N(p-tol))Cl3° each have rather
short metal-nitrogen bond lengths (Re-N = 1.80 (1) A7
Mo-N = 1.825 (4) A8 and Ru-N = 1.796 (9) A%) and have
essentially linear M—N-N structural units (Re-N-N = 172°,7
Mo-N-N = 174.21 (12)°,8 and Ru-N-N = 171.2 (9)°9).
Such a stereochemical arrangement is consistent with the
aryldiazo ligand being considered as RN2+ and may be
represented by forms I and II. Form II would seem to be
preferred, for the N-N-R angles are 118° in
(PPhMe2)3Re(N=NPh)Cl2,7 121.09 (21)° in (HB(pz)3)-
Mo(CO)2(N==NPh),8 and 135.9 (11)° in (PPh3)2Ru(N=
N(p-tol))Cl3.% [pz = pyrazolyl.]
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In contrast to this, a structural study of the [{PhP-
((CH2)3PPh2)2iRh(N=NPh)CI]* ion!0 has revealed “doubly
bent” coordination of a phenyldiazo ligand to rhodium

(Rh—-N-N = 125 (1)° and N-N-Ph = 119 (1)°) along with
a normal rhodium-nitrogen distance of 1.954 (8) A. This
geometric pattern is consistent with the aryldiazo ligand
behaving formally as RN2; the valence-bond description of
the aryldiazometal moiety in this system is shown as III.

III

Recently, Abel and coworkersil have shown that (tri-
methylsilyl) phenyldiimine (Me3SiN==NPh) reacts with
bromopentacarbonylmanganese, with loss of Me3SiBr and CO,
yielding [PhEN=NMn(CO)4]2, a unique complex with bridging
phenyldiazo groups. In order to obtain detailed stereochemical
information on this newly discovered mode of bonding for an
aryldiazo ligand, we have subjected this complex to a full
three-dimensional single-crystal X-ray structural analysis. A
preliminary account of this work has appeared previously;!2
a full description is reported below.

Collection of the X-Ray Diffraction Data

Transparent yellow crystalline plates of [PhN=NMn(CQ)4]2 were
provided by Professor E. W. Abel of the University of Exeter, Exeter,
England. The crystal used during the structural analysis was a thin
platelike parallelepiped with six faces, dimensions being (001)—(001)
= 0.072 mm, (010)—(010) = 0.550 mm, and (110)—>(110) = 0.724
mm. The crystal was mounted along [211]. Preliminary photographs
of the reciprocal lattice showed no systematic absences and revealed
no symmetry other than ;i (1) Friedel symmetry. The crystal was
therefore assumed to belong to the triclinic system, possible space
groups being the noncentrosymmetric P1 [Ci!; No. 1] and the
centrosymmetric P1 [Ci; No, 2].13

The crystal was transferred to a Picker FACS-1 diffractometer,
was accurately centered, and was aligned precisely along [211]. The
intensity of the axial 422 reflection was measured by a 6-26 scan at
x = 90° and at 10° intervals from ¢ = 0° to ¢ = 350°. The observed
variation in intensity [(maximum — minimum)/(average) = 18.3%])
indicated that an absorption correction would be necessary.

Details of the data collection are given in Table I; a description
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Table I. Experimental Data for the X-Ray Diffraction Study of
{PhN=NMn(CO), ],

(A) Crystal Parameters at 23.5°%?
a=7.2358(13)A cosa=0.1647 (3);
a=80.52 (2)°
cos $=0.2185 (2);
B=177.38 (1)
cosy=0.3183 (2);
vy=71.44 (1)°
V=5604 A3

p(calcd)=1.613 gem™?
p(obsd)*=1.59 2y gem™

b=8.8893 (17) A
c=9.4677 (18) A

Space group PT
Z =1 (dimer)
Mol wt 544.2

(B) Measurement of Intensity Data

Radiation: Mo Ka

Filter(s): Nb foil at counter aperture (~47% transmission of Mo
Ka)

Attenuators: used if / > 8500 counts/sec

Takeoff angle: 3.0°

Detector aperture: 4 mm X 4 mm

Crystal-detector distance: 330 mm

Crystal orientation: mounted along [211]

Reflections measured: 44,2k, /]

Maximum 26: 50°

Scan type: coupled 6 (crystal)-26 (counter)

Scan speed: 1.0°/min

Scan length: A(26) = (1.2 + 0.692 tan 6)°, starting 0.6° below the
Mo Ka, peak

Background measurement: Stationary crystal, stationary counter;
20 sec each at beginning and end of 26 scan

Standard reflections: three remeasured after every 48 reflections;
rms deviations (after application of an isotropic linear decay cor-
rection) were 1.25% for 211, 1.17% for 213, and 0.59% for 030.

Reflections collected: 1974 independent measurements, plus 150
0%I reflections which wereaveraged with the 0! reflections follow-
ing correction for absorption

(C) Treatment of Intensity Data
Conversion to iFgyland 6(1Fg1): asin ref 14, using an “ignorance
factor” of p = 0.04¢
Absorption coefficient: u=12.5 cm™'; maximum and minimum
transmission factors were 0.965 and 0.706¢

@ Unit cell parameters are from a least-squares fit to the setting
angles of the resolved Mo K«, peaks (A 0.70930 ADY of 12 reflec:
tions with 26 = 36-56°., Maximum and root-mean-square deviations
weré 0.040° and 0.020°, respectively. ©° J. A. Bearden, Rev. Mod.
Phys., 39,78 (1967). € By neutral buoyancy in agueous Bal,.

Data reduction was performed using the program RDUS, by
B. G. DeBoer. € Absorption correction was done via the program
DRAB, by B. G. DeBoer.

of the apparatus and experimental technique is also available.!4

Solution and Refinement of the Structure

All computations were performed on an IBM 370/158 computer
at the Computer Center of the University of Illinois at Chicago Circle.
Programs used include FORDAP (Fourier synthesis, by A. Zalkin), LSHF
(structure factor calculations and least-squares refinement, by B. G.
DeBoer), sTAN] (distances and angles with esd’s, by B. G. DeBoer),
PLOD (least-squares planes, by B. G. DeBoer), and ORTEP (thermal
ellipsoid drawings, by C. K. Johnson).

Scattering factors for neutral manganese, oxygen, nitrogen and
carbon were taken from the tables of Cromer and Waber;!5 both the
real and imaginary components of anomalous dispersion were included
specifically in the calculation of structure factors, using the values
of Cromer and Liberman.!6 For hydrogen, the scattering curve of
Stewart, et al.,17 was used.

Discrepancy indices used below are defined as

TilF, = IF
F——EQ—,F_'O—F_X 100 (%)
: Iw(lF, - 1F. )T
Rur = T5uipr | X100®)

The function minimized during least-squares refinement was > w(]Fo|
- |F))2, where wiF(hkD)] = [o{F(hkD)]]-2.
The analysis was begun using data which had not been corrected
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Table II. Positional and Isotropic Thermal Parameters for
[PhN=NMn(CO), ],%?

Atom x y z B, A?

Mn 0.892934 (48) 0.690302 (31) —0.013943 (31) 3.727
O(1) 0.60494 (30) 0.95360 (18) 0.14900 (18) 6.39
0(2) 0.56178(31) 0.63640 (23) ~—0.12183(21) 6.60
0O(3) 1.20489 (33) 0.76129 (24) 0.10174 (25) 7.51
0(4) 0.94142 (33) 0.93070 (20) —0.26622 (20) 7.20
N(1) 0.91634 (25) 0.48878 (17) 0.12649 (17) 3.78
N(2) 0.85139(30) 0.46024 (19) 0.25650 (19) 4.65
C(1) 0.71258 (38) 0.84648 (25) 0.09382 (24) 4.68
C(2) 0.68649 (38) 0.65514 (24) ~—0.07968 (24) 4.45
C(3) 1.09160 (40) 0.72948 (25) 0.05710 (26) 4.87
C(4) 0.92112(38) 0.83902 (25) -0.17009 (25) 4.97
C(5) 0.72034 (35) 0.58886 (22) 0.33846 (21) 4.17
C(6) 0.79672 (52) 0.65909 (31) 0.42037 (30) 572
C(7) 0.66646 (70) 0.77083 (34) 0.51161 (31) 7.07
C(8) 0.46813 (63) 0.80791 (32) 0.51983 (32) 6.86
C(9) 0.39385(49) 0.73706 (31) 0.43842 (33) 6.23
C(10) 0.51900 (40) 0.62596 (26) 0.34660 (27) 5.13

H(6) 0.9247 43) 0.6349 (30) 0.4101 (27) 5.1(6)
H(7) 0.7221(57) 0.8254 (41) 0.5574 37) 10.0 (11)
H(8) 0.3727 (48) 0.8817 (37) 0.5874 (33) 7.9 (8)
H(9) 0.2487 (53) 0.7664 (37) 0.4437 (32) 8.2 (8)
H(10) 0.4608 (42) 0.5698 (31) 0.2889 (29) 6.4 (6)

@ Fsd’s, shown in parentheses, are right-adjusted to the least signif-
icant digit of the preceding number. ¥ For nonhydrogen atoms the
“equivalent isotropic thermal parameters’ are given; for their aniso-
tropic thermal parameters, see Table III.

for absorption. The structure was solved by the “heavy-atom” method,
the positions of the manganese atoms being located from a three-
dimensional Patterson synthesis; the appearance of the Patterson map
also suggested strongly that the true space group was the centro-
symmetric P1. (This was confirmed by the subsequent satisfactory
solution and refinement of the structure in this space group.) A
Fourier synthesis led quickly and unambiguously to the location of
all nonhydrogen atoms. Full-matrix least-squares refinement of
positional and isotropic thermal parameters of all nonhydrogen atoms,
along with the scale factor (69 parameters), led to convergence in
three cycles with RF = 14.35% and Rwr = 17.26%. The inclusion
of anisotropic thermal parameters and the refinement of these and
the positional parameters for the nonhydrogen atoms (a total of 154
parameters) led to a reduction in the discrepancy indices to Rr =
5.11% and Rwr = 6.45%. A difference-Fourier synthesis now led to
the unambiguous location of the five hydrogen atoms of the phenyl
group; peak heights ranged from 0.50 to 0.40 ¢ A-3 and these peaks
were the five strongest features on the map.

Refinement was continued now using the absorption-corrected
datal®.19 and allowing also the refinement of positional and isotropic
thermal parameters of the hydrogen atoms. Three cycles of full-matrix
refinement (174 parameters in all) led to final convergence with RF
= 3.43% and Rwr = 3.61%. Maximum shifts during the last cycle
of refinement were A/s = 0.044 for a positional parameter of a
nonhydrogen atom, A/¢ = 0.040 for an anisotropic thermal parameter,
A/o = 0.074 for a positional parameter of a hydrogen atom, and A/ s
= 0.060 for an (isotropic) thermal parameter of a hydrogen atom.

The final “goodness of fit” defined by [Y_w(|Fo| — |Fe|)2/ (m — n)]1/2
was 1.425, where the number of reflections () was 1974 and the
number of refined parameters (n) was 174 (m/n = 11.35). The
function [ w(|Fo| — |F¢|)?] was not markedly dependent either upon
|Fo| or upon (sin 6)/A; the weighting scheme is therefore statistically
valid.

The correctness of the refined structure was verified independently
by means of a final difference-Fourier synthesis; the highest features
were two peaks of height 0.31 ¢ A-3 at (0.105, 0.275, 0.125) and
(0.770, 0.525, 0.300).

A listing of observed and calculated structure factor amplitudes
may be obtained.?0 Final positional parameters are collected in Table
II. Anisotropic thermal parameters are shown in Table I1I, while
rms amplitudes of vibration of atoms about the principal axes of their
vibration ellipsoids are given in Table IV.

Discussion of the Molecular Structure

Interatomic distances and their estimated standard deviations
(esd’s) are shown in Table V. Interatomic angles and their
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Atom B, B, B B, B, B,y
Mn 4497 (17) 2.504 (13) 3,682 (15) -0.354 (10) -0.700 (11) -0.311 (9)
o) 7.94 (11) 3.61 (7 5.63(8) 0.64 (7) -0.13 (8) —1.05 (6)
0Q2) 6.31 (10) 6.86 (10) 7.11 (10) -1.72 (8) —2.39 (8) -0.77 (8)
0(3) 7.05 (12) 6.94 (11) 9.68 (13) -2.19 (9) -2.54 (10) ~-2.3709)
04) 9.93 (14) 4.00 (7) 6.06 (9) ~1.25 (8) —-0.42 (9) 1.07 (D
N(1) 4.26 (8) 2.89 (6) 3.85(8) -0.56 (6) -0.74 (6) -0.33 (5)
N(2) 5.64 (10) 3.28(7) 3.98 () -0.31(7) -0.25(7) -0.23 (6)
C(1) 5.77 (12) 332 (9) 4.30 (10) -0.61 (8) —-0.96 (9) 0.04 (7)
C(2) 5.02(12) 3509 4.10(10) -0.34 (8) -0.73 (9) -0.30 (7)
Cc@3) 5.45(12) 34009) 544 (11) -0.74 9) —0.84 (10) -0.86 (8)
C) 6.01 (13) 3.14 (8) 499 (11) ~0.37 (8) -0.72 (10) -0.57 (8)
C) 5.55(12) 2.98 (8) 3.33(8) —0.59 (8) -0.62 (8) —-0.05 (6)
C(6) 6.55 (16) 4.54(11) 5.90(13) -0.93 1) -2.03(12) —-0.20 (10)
() 11.77 27) 4.88 (13) 5.07 (13) -2.00(15) —2.83 (16) -1.00 (10)
C(8) 9.46 (22) 4.17 (12) 4.10(13) -0.65(13) 0.85 (14) -0.87 (10)
C9) 6.07 (15) 419 (11) 6.75 (14) -0.53(11) 0.67 (12) -0.27 (10)
Cc(10) 5.77 (13) 3.78 (10) 5.25(12) —-0.72 (9) -0.88 (10) -0.30 (8)

@ See footnote « to Table II. 2 These anisotropic thermal parameters have units of A? and are analogous to the normal isotropic thermal
parameters, entering the expression for the structure factor in the form exp[~0.25(B,,a**h? + B,,b**k? + B,,c**I* + 2B ,a*b*hk +

2B, a*c*hl + 2B,,b*c*kl)].

Table V, Interatomic Distances (in A) with Esd’s for
[PhN=NMn(C0),1,%¢

Table IV. Root-Mean-Square Amplitudes of Vibration along the
Principal Axes of the Atomic Vibration Ellipsoids (Values are in &)

Oz Atoms Dist Atoms Dist
Atom Minor axis  Median axis  Major axis (2) Distances Involving Manganese Atom(s)
Mn 0.176 0.216 0.253 Mn- - -Mn’ 3.2349 (8)
o) 0.192 0.269 0.366 Mn-N(1) 2.0313(16) Mn--'N(Q2) 3.0264 (18)
0(2) 0.254 0.291 0.317 Mn-N(1") 2.0228 (16)  Mn- - -N(2") 2.8402 (18)
03) 0.249 0.305 0.364 Mn-C(1) 1.8447 (24)  Mn---0Q1) 2.9800 (17)
0@) 0.205 0.292 0.384 Mn-C(2) 1.8665 (29) Mn- - -0(2) 2.9960 (23)
N(1) 0.185 0.222 0.243 Mn-C(3) 1.8597 (29)  Mn- - -0O(3) 2.9846 (23)
N(2) 0.194 0.222 0.297 Mn-C4) 1.8360 (24) Mn---04) 2.9706 (18)
c(1) 0.205 0.237 0.285 (b) Distances within Carbonyl Groups '
gg; 8381 8%22 8%;3 C()-0(1)  1.1403 (26)  C(3)-0(3) 1.1265 (30)
) 0.191 0.253 0.295 C(2)-0(2) 1.1297 (30) C@#)-0(4) 1.1348 (26)
C(5) 0.185 0.211 0.281 (c) Distances within PaN=N-Ligand
C(6) 0.226 0.268 0.306 N(1)-N(2)  1.2332 (23)  C(7)-C(8) 1.3538 (50)
cn 0.219 0.257 0.393 N(2)-C(5) 1.4454 (25)  C(8)-C(9) 1.3550 47)
C(8) 0.220 0.250 0.388 C(5)-C(6) 1.3649 (35) C(9)-C(10) 1.3859 (34)
Cc®) 0.230 0.252 0.349 C(6)-C(7)  1.3971 43) CQ0)-C(5) 1.3750 (35)
a0 0.217 0.257 0.286 (d) Carbon-Hydrogen Distances
C(6)-H(6) 0.868 (28) C(9)-H(9) 0.990 (34)
C(T)-H(T) 0.925 (38) C(10)-H(10) 1.024 (28)
C(8)-H(8) 0.986 (33)

% The [PhAN=NMn(CO), 1, molecule lies on a center of symmetry
at (1,1/;,0), Atoms in the basic asymmetric unit are labeled nor-
mally; those in the “other half” of the molecule are labeled with a
prime and are related to the basic unit by the transformation [x,
y,2'1=[2~x,1~y,—z]. ?Esd’s were calculated from the full
positional correlation matrix using the Fortran IV program STAN1
by B. G. DeBoer. Contributions from errors in the unit cell param-
eters were included. ¢ Bond lengths are not corrected for any pos-
sible effects of thermal motion.

esd’s are collected in Table VI. The overall stereochemistry
of the [PhN==NMn(CQ)4]2 molecule, including the labeling
of atoms and the relative orientation of the atomic vibration
ellipsoids, is shown in Figure 1.

The [PhN=NMn(CO)4]2 molecule lies on a crystallo-
graphic center of symmetry, the two chemically equivalent (and
crystallographically related) Mn(CO)4 groups being linked
together by two bridging phenyldiazo ligands. b

A consideration of the geometric configuration of the
(PhN==NMn): portion of the molecule, taken in conjunction
with the valence-bond descriptions for the aryldiazo ligand (see
Introduction), reveals that one cannot distinguish (on the basis
either of ligand geometry or of electron counting) between the
formalisms PAN=N+ (see IV) and PhN==N~ (see V) when
the aryldiazo ligands are in bridging position, since in each
case the terminal nitrogen of the aryldiazo ligand is in an

Figure 1. Stereochemistry of the [PhAN=NMn(CO),], molecule
(ORTEP diagram, 50% probability ellipsoids, with spheres for
hydrogen atoms artificially reduced for the sake of clarity). The
crystallographic inversion center is shown as a solid circle.
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sp2-hybridized trigonal geometry. It is, in this case, probably
better to regard the phenyldiazo system as a neutral
three-electron donor,?! j.e., VIa and b.
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The manganese atoms may then be regarded as in an
oxidation state of zero (d7 outer electronic configuration) and
attain the expected 18-electron “noble gas” configuration by
the donation of two electrons from each carbonyl! ligand and
three electrons from each of the bridging phenyldiazo ligands.

Angles within the strictly planar central

N(1)
~ \
' Mn

~.
N(1)

portion of the molecule are N(1)-Mn-N(1") = N(1")-Mn'-
N(1) =74.13 (8)° and Mn-N(1)-Mn' = Mn'-N(1")-Mn =
105.87 (8)°. The obtuse angles at the bridging atoms N(1)
and N(1') along with the long Mn--Mn' distance of 3.2349
(8) A [as opposed, for example, to the bonding Mn—Mn
distance of 2.923 A in Mn2(CQ)1022] are consistent with there
being no direct bonding interaction between the two manganese
atoms. This result is entirely in accord with the predictions
for M(u-X)2M systems outlined both by Teo, Hall, Fenske,
and Dahl?3 and by Mason and Mingos.24

The present complex is the first in which the presence of
bridging aryldiazo ligands has been unambiguously established;
we note, however, that Deane and Lalor25 have recently re-
ported the synthesis of some molybdenum and tungsten
complexes {[(FIB(pz)3)Mo(WN=NPh)X]. (X = Cl, Br, I) and
[(HB(pz)3) W (N=NPh)X2]2 (X = I)}, some (or all) of which
may also contain bridging phenyldiazo ligands.

An unexpected feature of the present complex is the
asymmetry of the phenyldiazo bridges.26-28 Thus, Mn—-N(1)
= Mn'-N(1") = 2.0313 (16) A, while Mn'-N(1) = Mn-N(1")
= 2.0228 (16) A. The difference here is small (0.0085 A) but
corresponds to 3.7¢2% and is thus statistically significant. The
asymmetry of the bridges is brought home much more clearly
by consideration of the Mn-N-N angles. Thus, Mn-
N(1)-N(2) = 134.51 (13)° as opposed to Mn'-N(1)-N(2)
= 119.47 (13)°. [Similarly, Mn'-N(1)-N(2') = 134.51 (13)°
and Mn-N(1')-N(2') = 119.47 (13)°, by symmetry.] The
difference, here, is 15.04 (18)°—corresponding to ca. 84¢!

The asymmetry of the phenyldiazo bridges probably results
from repulsions between the phenyl group and the ligand

Mn
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Table VI. Interatomic Angles (in deg) with Esd’s for

[PhN=NMn(CO), ],

Atotns Angle Atoms Angle
(a) Cis Angles around Manganese
N(1)-Mn-N(1") 74.13 (8) N(1")-Mn-C(4) 91.67 (8)
N(1)-Mn~C(1) 103.44 (8) C(1)-Mn-C(2) 90.00 (10)
N(1)-Mn-C(2) 90.42(8) C(1)~-Mn-C(@3) 87.91 (10)
N(1)-Mn~C(3) 89.49 9) C(1)-Mn-C4) 90.80 (9)
N(1")-Mn-C(2) 88.53(8) C(2)-Mn-C#4) 90.86 (11)
N(1")-Mn-C(3) 93.54 (8) C(3)-Mn-C#4) 89.77 (11)
(b) Trans Angles around Manganese
N(1)-Mn-~C(4) 16571 (8)  C(2)-Mn-C(3) 177.83 (10)
N(1")-Mn-C(1) 177.15 (8)
(c) Angles within Carbonyl Groups
Mn-C(1)~0(1) 173.19 (19) Mn-C(3)-0@3) 176.16 (21)
Mn-C(2)-0(2) 178.51 (22) Mn-C(4)-04) 178.92 (29)
(d) Angles around Nitrogen Atoms
Mn-N(1)-Mn' 105.87 (8) N(1)-N(2)-C(5) 119.62 (16)
Mn-N(1)-N(2) 134.51 (13)
Mn'-N(1)-N(2) 119.47 (13)
(e) Angles within Phenyl Ring
C(10)-C(5)-C(6) 120.71 (24) C(7)-C(8)~C(D) 120.02 (29)
C(5)-C(6)-C(7) 118.74 (32) C(8)-C(9)~C(10) 120.67 (32)
C(6)-C(7)~C(8) 120.76 (32) C(9)-C(10)-C(5) 119.10 (28)
(f) External Angles of Phenyl Ring
N(@2)-C(5)-C(10) 119.62 (21) H(8)-C(8)-C(7) 1224 (19)
N(2)-C(5)~-C(6) 119.22 (23) H(8)-C(8)~C(9) 117.5(19)
H(6)-C(6)-C(5) 118.0 (18) H(9)~-C(9)-C(8) 119.5 (18)
H(6)-C(6)-C(7) 123.2 (18) H(9)-C(9)-C(10) 119.9 (19)
H(7)-C(7)-C(6) 117.0 (24) H(10)-C(10)-C(9) 119.9 (16)
H(7)~C(7)-C(8) 122.0 (24) H(10)-C(10)-C(5) 121.0 (16)

Table VII. Least-Squares Planes, and Deviations Therefrom, for
[PhN=NMn(CO),],%¢
Atom Dev, A Atom Dev, A
Plane 1: 0.83120X + 0.46915Y + 0.29835Z =8.8653
Mn* 0.000 N(2) 0.072
Mn'* 0.000 N(2") —-0.072
N(1)* 0.000 C(1) -0.048
N(1)* 0.000 C4) 0.053
C(5) 0.117
Plane II: 0.09545X ~ 0.66547Y + 0,74030Z = —2.0932
C(5)* -0.003 N@) 0.156
C(6)* 0.003 H(6) -0.027
C(7)* -0.002 H(7) -0.101
C(8)* 0.001 H(8) 0.049
C(9* -0.000 H(%) ~0.016
C10)* 0.002 H(10) 0.041
N(1) —(.843 C) -2.976
Mn —2.850 O(1) -3.187

Dehedral Angle I-11 = 90.69°

@ All calculations were performed using the Foriran IV program
PLOD, by B. G. DeBoer. b Atoms identified by an asterisk were
assigned unit weights; all others were given zero weight. ¢ Equa-
tions to planes are given in cartesian coordinates, such that X =
xa sin vy + [zc(cos B —cos & cos y)/sin v}, Y = yb + xa cos y + zc
cos o, and Z = zc[(1 ~ cos? o — cos? §— cos® ¥ + 2 cos « cos § cos

y)/sin? 7]

onal directions as (b X c¢*), b, and c¢*.

/2 This corresponds to defining the mutually orthog-

C(1)=0O(1). Thus, there are some close intrarmolecular contacts
[C(5)=C(1) = 2.9732 (28) A and C(5)-O(1) = 3.3827 (25)
A], atoms C(1) and O(1) lie only 2.976 and 3.187 A below
the least-squares plane of the phenyl group (see Table VII),
and the angle N(1)-Mn~C(1) has a value of 103.44 (8)°,
which is 11.77° (or 107¢!) greater than the value of 91.67 (8)°
found for N(1")-Mn-C(4).

The N(1)-N(2) distance of 1.2332 (23) A is consistent with
its formulation as N==N. For the sake of comparison we note
that the following N==N distances have been reported: 1.24
(5) A in CH3N=NCH3,39 1.23 A in cis-PhN=NPh,31 1.172
(3) and 1.243 (3) A (two independent molecules in the



Bis(tetracarbonylphenyldiazomanganese)

asymmetric unit) in crystalline trans-PhN=NPh,32 1.25 (4)
A’in FN=NF,33 and 1.26 (3) A in [CIN=C(NH2)]N=
N[C(NH2)==NCl].3¥ The unweighted average N=N distance
from these five studies is 1.24 A. Within complexes containing
terminal aryldiazo ligands, the observed N==N distances are
1.23 (1) A'in (PPhMe2)3Re(N==NPh)Cl2,7 1.211 (6) A in
(HB(pz)3)Mo(CO)2(N==NPh),8 1.144 (10) A in
(PPh3)2Ru(N=NCsH4Me)Cl3, and 1.17 (2) A in [{PhP-
((CH2)3PPh2)2JRh(N=NPh)CI] *+.10 In the protonated diazo
species [(PPh3)2Ir(NH=NC¢H3F)(CO)CI]*, the N==N
distance is 1.28 (4) A.35

In side-bonded azobenzene (and related) complexes, the
nitrogen—nitrogen bond length is increased dramatically from
the normal N=N distance of ~1.24 A. Thus, the N-N
distance in the mononuclear species (Me3CCN)aNi-
(PhN==NPh) is 1.385 (5) A.36 A similar lengthening also
occurs in binuclear species, individual N-N distances being
1.366 (8) A in (MeN=NMe)Fe2(CO)s,37 1.399 (8) A in
(C12HsN2)Fe2(C0O)s,3® and 1.404 (9) A in (C5HsN2)-
Fe2(C0)e6.3

The N(2)-C(5) bond in [PhN=NMn(CO)4]2 is 1.4454
(25) A in length, in good agreement with the N(sp2)-C(sp?)
single-bond distance of 1.432 (7) A in (HB(pz)3)Mo-
(CO)2(N==NPh)?8 and close to the accepted C(aromatic)-N
single-bond distance of 1.43 % 0.01 A;40 similarly the angle
N(1)-N(2)-C(5) has a value of 119.62 (16)°—very close to
the ideal sp? angle of 120° and comparable to the N=N—Ph
angle of 121.09 (21)° in (HB(pz)3)Mo(CO)2(N=NPh).8

Carbon atoms of the phenyl ring have a root-mean-square
deviation of only 0.002 A from their least-squares plane (see
plane II of Table VII). Hydrogen atoms are coplanar with
the carbocyclic ring within the limits of experimental error,
the maximum deviation being ~0.101 A (¢ =~ 0.038 A) for
H(7). Atom N(2) lies +0.156 A from the plane of the phenyl
ring, while N(1) is displaced by -0.843 A (the opposite sign
indicating displacement in an opposite sense). The dihedral
angle between the phenyl group and the Mn(u-N)2Mn core
of the molecule is 90.69°.

Each manganese atom is in a slightly distorted octahedral
coordination environment. Thus, the cis angles between ligands
[with the exception of N(1)-Mn—C(1) = 103.44 (8)° (which
has been discussed above) and N(1)-Mn-N(1') = 74.13 (8)°
(which may be regarded as decreased from a normal value of
90° due to Mn--Mn repulsions)] are in the range 87.91
(10)-93.54 (8)°. Angles between mutually trans ligands are
N(1)-Mn—-C(4) = 165.71 (8)°, N(1")-Mn~C(1) = 177.15
(8)°, and C(2)-Mn—-C(3) = 177.83 (10)°.

Manganese—carbonyl distances for carbonyl ligands which
are trans to the phenyldiazo ligands [i.e., Mn—C(1) = 1.8447
(24) A and Mn-C(4) = 1.8360 (24) A] are slightly, but
significantly, shorter than those which are trans to other
carbonyl groups [Mn~C(2) = 1.8665 (29) A and Mn-C(3)
= 1.8597 (29) A]. Such a result is expected and simply reflects
the greater w-acceptor characteristics of the carbonyl vis a vis
the bridging phenyldiazo ligand.

The carbonyl ligands are all close to being collinear with
the manganese atom. The greatest distortion is defined by
th wigle Mn—C(1)-0(1) = 173.19 (19)° [other values ranging
fiim 176.16 (21) to 178.92 (29)°], which presumably results
from steric repulsions between C(1)-O(1) and the phenyl group
(vide supra). Individual carbon—oxygen distances range from
1.1265 (30) to 1.1403 (26) A. It is interesting to note that
the longer C-O bond lengths [C(1)-O(1) = 1.1403 (26) A
and C(4)-0(4) = 1.1346 (26) A] are associated with the
ligands trans to the phenyldiazo ligands, while the shorter C-O
distances [C(2)-0(2) = 1.1297 (30) A and C(3)-0(3) =
1.1265 (30) A] are associated with carbonyl ligands which are
mutually trans. This result, again, is in accord with chemical
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expectation but is on the borderline of statistical significance.
[The average C—O (trans to N==NPh) distance is 1.1375 +
0.0040 A41 while the average C-O (trans to CO) distance is
1.1281 = 0.0023 A:4! the difference of 0.0094 % 0.0046 A29
represents only 2.00.]
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An ortho-metalated structure has been demonstrated for tricarbonyl[(methylsulfidomethyl)phenyl 2-C,Striphenyl-
phosphinemanganese by a crystal structure analysis. This material crystalhzes in space group P1 of the triclinic system

with e = 11.022 (7) A, b =13.485 (9) A, c = 9.123 (6) A, @ = 94.52 (1)°, 8

=109.90 (1)°, and v = 98.14 (1)°. Calculated

(Z = 2) and observed densities are 1.43 and 1.42 (1) g/cm3, respectively. The structure analysis was based upon 3385
nonzero intensity data, collected by counter methods and refined by full-matrix least-squares techniques to a final conventional
discrepancy factor of 0.057. The complex has a distorted octahedral configuration about Mn, with the organosulfur ligand
bound in a chelating fashion via Mn—C and Mn-S bonds. The five-membered chelate ring is nonplanar, with the sulfur
atom 0.46 A out of the plane defined by the Mn and three carbon atoms, The triphenylphosphine ligand occupies an axial
position and the methyl group lies on the side of the equatorial plane opposite the phosphine ligand. The structural features
of this complex are compared with those of closely related compounds derived from nitrogen donor ligands.

Introduction

Intramolecular ortho-metalation reactions continue to be
a subject of much interest among organometallic chemists.!
This type of reaction was first reported in 19652 and has
subsequently been observed in a large number of systems.> By
far the majority of these have involved metal complexes of
nitrogen or phosphorus donor ligands. However in recent years
ortho-metalation reactions have also been reported for systems
involving other donor atoms including As,5-3 Sb,6 §,58-11 and
0.12 In the case of sulfur donor ligands, ortho-metalated
complexes have been obtained from aromatic thioketones,>?
benzyl methyl sulfide,!! and O-ethyl thiobenzoate.10 In certain
cases, sulfur donor ligands have failed to yield metalated
products when subjected to conditions under which metalation
readily occurs with the analogous nitrogen donor.!3:14 The
complex CsH4aCH2SCH3Mn(CC)3(P(CesHs)3) was obtained
by triphenylphosphine substitution of CeH4CH2SCHzs-
Mn{CO)4, the latter compound being a noncrystalilizable oil
obtained from the reaction of benzyl methyl sulfide with
CH3Mn(CO)s. Our crystal structure analysis of the tri-
phenylphosphine derivative was undertaken to document its
proposed metalated structure and to compare its structural
details with those of closely related complexes derived from
the N donor ligands benzylideneaniline!3 and N,N-di-
methylbenzylamine.!6 A preliminary report of the synthesis
and structure of this complex has appeared.!!

Experimental Section

Collection and Reduction of Intensity Data. A sample of CeHu-
CH2SCH3Mn(CO)3P(CeHs)3 was supplied by Dr. M. 1. Bruce of
the University of Bristol. Suitable single crystals could be obtained
by recrystallization from diethyl ether. Precession photographs showed
no evidence of monoclinie or higher symmetry; the assignment of the

crystals to the triclinic crystal system was confirmed by a Delaunay
reduction. Statistical analysis of normalized structure factors!?
strongly suggested the centrosymmetric space group P1 and successful
solution and refinement of the structure were achieved on the basis
of this group. Lattice parameters were determined from least-squares
refinement of the setting angles of 16 reflections which had been
accurately centered on a Picker four-circle X-ray diffractometer. The
three shortest noncoplanar lattice translations define a cell (23°, A\(Mo
Kai) 0.70930 A) with a = 11.022 (7) A, b = 13.485 (9) A, c = 9.123
(6) A, & = 94.52 (1)°, 8 = 109.90 (1)°, and v = 98.14 (1)°. All
results reported are referred to this cell, though a different, arbitrarily
chosen, cell was employed during data collection. Calculated (Z =
2) and observed (flotation in aqueous ZnBr2) densities are 1,43 and
1.42 (1) g/cm3, respectively.

Intensity data were collected from a yellow tabular crystal of
dimensions 0.43 X 0.30 X 0.17 mm mounted in a thin-walled glass
capillary, The shortest dimension of the crystal was perpendicular

to the well-developed {110} faces; other bonding planes belonged to
the {010}, {101}, {130}, and {212} forms. The average full width at
half-maximum of peak profiles obtained by narrow-scurce open-
counter w scans for this crystal was ~0.10°, The general procedures
employed in data collection paralleled those previously described.16
The takeoff angle was 2.1° and the diffracted beam was filtered
through 3.0-mil Nb foil. A 4 X 4 mm counter aperture was positioned
28 c¢m from the crystal. The pulse height analyzer was set to admit
~95% of the Mo Ko peak. A scan range of —0.55° to +0.65° in 20
from the calculated scattering angle was used for reflections with 26
< 30°. This scan range was increased by 0.10° for reflections with
30° < 26 < 42.5° and by an additional 0.10° for higher angle re-
flections. A scan rate of 1°/min in 26 was employed and
stationary-background counts of 20 sec were taken at each ead of
the scan. Four standard reflections were measured at intervals of
100 reflections throughout data collection; the intensities of these
reflections showed an average variation of #1.4%, substantially less
than their estimated standard deviations. Owing to instrumental
problems, several weeks elapsed between collection of data with 26



