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impression of the molecular conformation is obtained.
It is apparent that the methyl groups at C(8) and C(9)
have different orientations with respect to the benzene
ring. The positions adopted may be determined by the
spatial requirement of the oxaziridine ring, but inter-
molecular forces may just as well exert the major in-
fluence.

The packing of the molecules in the cell does not
appear very compact. One contact, however, is of an
unusual character. The hydrogen atom attached to C(7)
points towards an oxygen atom in the neighbouring
unit cell in the b direction. It seems justified to describe
this contact as an intermolecular C-H- - - O bridge for
the following reasons. The carbon~hydrogen bond in
question is very polar since the carbon is attached to
three electron withdrawing ligands, i.e. oxygen, nitro-
gen and a substituted phenyl group. The distances in-
volved are C---0 3-34 A, C-H 1-05 A, H-- -0 2:30 A,
and this particular H--.O distance is about 0-5 A
shorter than any other intermolecular distance found
in this structure between hydrogen and one of the other
kinds of atom. Furthermore the angles N-O- - -C and
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C-0O...C are 100 and 116° respectively, in good ac-
cordance with the conception of oxygen as acceptor
atom in a hydrogen bridge.
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fessor S. Stillberg-Stenhagen, for hospitality during my
six weeks’ stay at the Institute; also to Dr Sixten
Abrahamsson and all the members of his group for
discussions and kind helpfulness, and especially to
Maureen Innes and Anders Westerdahl for generous
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Diamagnetism and the short Au-Mn distance of 2:57+0-01 A found in the complex (CsHs)sP —
Au-Mn(CO)4P(OC¢Hs)s indicate a direct metal to metal bonding between the dissimilar metal atoms.
The crystals are triclinic, space group P 1, with two molecules in a cell of dimensions a=10-76, 5= 10-63,

c=1674

A, 2=93-6°, f=97-0°, y="77-8°. The structure consists of discrete molecules. The manganese

is octahedrally coordinated. Taking the metal to metal bond direction along the Z axis, the carbonyl
groups on the Z plane are in a staggered configuration and are bent towards the metal to metal bond
direction. The Mn-P bond of length 2-33+0-01 A appears to be multiple in nature. The P-Au-Mn
bond angle of 165-5+0-3° is significantly non-linear.

Introduction

As a part of a study of metal to metal bonds, the struc-
ture determination of the complex triphenylphosphine-
gold-tetracarbonyltriphenoxyphosphinemanganese,
(CsHs);P—Au-Mn(CO),P(OC4Hs);, was undertaken.

Complexes of the type Ph;P—Au-Mn(CO),L have
been prepared, where Ph=phenyl, L= pyridine, AsPh;
or PPh;. The carbonyl stretching frequencies for all
these complexes have been studied. It has been found
that the mean carbonyl stretching frequency is prac-
tically constant at about 1935 cm~1. For L=P(OPh),
this increases to 1969 cm—1. This fact has been attrib-
uted to the greater #-bonding capacity of the P(OPh);
group competing with the CO group (Coffey, Lewis &
Nyholm, 1964).

Experimental

The crystal belongs to the triclinic system. Cell con-
stants obtained from three zero-layer Weissenberg
photographs around each axis with Cu Ko radiation
are:

a=1076 £0-01, »=10-63+0:01, ¢c=16:74+0-014 A;
0=936+0-1°, p=97-0+0-1°, yp=77-8+£0-1°.

The observed density measured by flotation is 1-68
g.cm3. Thus there are two molecules in the unit cell.

By the equi-inclination technique, nine layers along
the g axis and three layers along the b axis were recorded,
using Cu Ko radiation. The total number of indepen-
dent reflexions collected from these photographs
amounted to 2760. The multiple film technique was
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adopted. Intensities were measured by visual compari-
son with an intensity scale prepared with a reflexion
of the same crystal. Lorentz and polarization correc-
tions were made. From extinctions the space group P1
was assumed, and this was verified later by structure
factor calculations.

The determination of the structure and refinement

Two-dimensional sharpened Patterson syntheses were
calculated from 0k/ and 40/ reflexions. These are shown
in Figs.1 and 2 respectively. The peak marked a is for
the gold to gold vector, and that marked b is for the
gold to manganese and gold to phosphorus vectors.
These maps gave clear indications as to the positions
of P-Au-Mn group.

On the basis of these three atomic positions, struc-
ture factors for all the reflexions were calculated. The
R value was 0-62. Here, R is given by X |({Fo|—
|Fe))I/ 2 | Fol -

Three rounds of block-diagonal isotropic least-
squares refinements brought the R value down to 0-41.

Determination of the unknown part of the structure
was carried out by several rounds of three-dimensional
Fourier and difference Fourier syntheses. Refinement
by the least-squares method was repeated until no
further information could be obtained from the maps.
In this way all the atoms except hydrogen were located,
and the R value was reduced to 0-17 after several
rounds of least-squares (block-diagonal approxima-
tions) with isotropic temperature factors.

The difference map at R=0-19 revealed considerable
anisotropic vibrations of the heavy and even of the
lighter atoms. The crystals selected for the collection
of data were sufficiently small for neglecting absorp-
tion corrections. The relative temperature factors for
the heavy atoms may be fairly correct even though
absorption corrections are neglected, while the tem-
perature factors for the lighter atoms would naturally
be inaccurate.

Use of anisotropic temperature factors for the heavy
atoms and carbonyls brought the R value down to 0-16
in one round of least-squares. Two rounds of aniso-
tropic least-squares for all the atoms reduced the R
value to 0-14.

The atomic scattering factors used are those given in
International Tables for X-ray Crystallography (1962).
The values of 4f; and Af;" given by Cromer (1965)
for gold, manganese, and phosphorus were used for
anomalous dispersion corrections. Weights (w) used in
the least-squares equations are given by

1

w=-

14 {|Fo|—b}

a

where, a and b are constants.

The value of b was so selected as to give unit weight
for moderately intense reflexions, and the value of a
determines the fractional weights to be given to weak
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and strong reflexions. Block-diagonal approximations
were made in the least-squares equations.
The temperature factors are given by

2—(Byh2+Byyk2+B3312+ By hk+ By 3hi+ By kl)
In Table 1 the final atomic coordinates, and in
Table 2 the corresponding thermal parameters are

given. A full list of calculated and observed structure
factors may be obtained from the author.

Table 1. Fractional positional parameters

X y z

Au(l) 0-4837 0-2003 0-1656
Mn(1) 0-3034 0-2818 0-2555
P(1) 0-6510 0-1770 0-0860
P(2) 0-3380 0-1090 0-3350
o) 0-0830 0-4010 0-3420
0(2) 0-5060 0-4060 0-3340
0@3) 0-1680 0-1300 0-1420
04) 0-2390 0-4830 0-1370
0O(5) 0-4590 0-0160 0-3330
0O(6) 0-2370 0-0140 0-3230
o) 0-3510 0-1270 0-4290
Cc) 0-1720 0-3580 0-3110
C(2) 0-4260 0-3540 0-3060
C(3) 0-2230 0-1700 0-1890
C4) 0-2720 0-3950 0-1770
C(5) 0-7530 0-0190 0-0820
C(6) 0-8810 0-0180 0-0870
C() 0-9610 —0-1060 0-0940
C(8) 0-9040 —0-2080 0-0750
C9) 0-7850 —0-2080 0-0700
C(10) 0-7000 —0-0920 0-0700
C(11) 0-7510 0-2850 0-1180
C(12) 0-8330 0-3590 0-0730
C(13) 0-8940 0-4360 0-0900
C(14) 09130 0-4640 0-1690
C(15) 0-8410 0-4070 0-2270
C(16) 0-7720 0-3250 0-1980
Cc(7 0-6010 0-2200 —0-0180
C(18) 0-5200 0-3240 —0-0300
C(19) 0-4770 0-3670 —0-1100
C(20) 0-5310 0-2830 —0-1740
C(21) 0-6180 0-1670 —0-1650
C(22) 0-6540 0-1340 —-0-0770
C(23) 0-5770 0-0200 0-3400
C(24) 0-6460 0-1100 0-3680
C(25) 07620 0-1140 0-3820
C(26) 0-8630 0-0360 0-3660
C(@27 0-8020 —0:0540 0-3450
C(28) 0-6690 —0-0660 0-3210
C(29) 0-2450 —0-1010 0-3470
C(30) 0-3360 —0-1610 0-4170
C(@31) 0-3370 —0-2790 0-4370
C(32) 0-2650 —0-3450 0-3910
C(33) 0-1860 —0-2910 0-3160
C(34) 0-1750 —0-1650 0-3010
C(@35) 0-2620 0-2070 0-4740
C(36) 0-1510 0-1800 0-4920
C@37) 0-0660 0-2620 0-5330
C(38) 0-1060 0-3610 0-5630
C(39) 0-2300 0-3880 0-5460
C(40) 0-3020 0-3060 0-5010

Discussion

A view of the molecule as seen on the a face is shown
in Fig.3. The atoms are labelled following Table 1.

The molecules in the crystal are discrete. In the mol-
ecule (C6H5)3P—>Au—Mn(CO)4P(OC6H5)3 the Mn
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Table 2. Thermal parameters (By % 105)

By By, B33 B3 B3 B>
Au(l) 1089 1470 577 —200 400 70
Mn(1) 1440 1460 630 —300 300 100
PQ1) 1600 1000 600 —200 500 100
P(2) 2300 2000 600 100 300 500
o) 1100 3200 100 -20 300 2600
0(2) 1700 2300 1500 —900 —1000 1200
0@3) 2800 6000 700 —1500 —1100 —3200
04 9000 2500 1000 600 300 —1400
O(5) 3500 12000 400 1300 —900 — 5000
O(6) 1000 2000 1500 —1000 —200 —900
o(7) 2000 3000 1000 600 —2000 700
C() 1700 2000 1000 —300 — 1400 —2300
C(2) 2100 1800 600 —600 500 —1300
C(@3) 3000 2600 300 2000 600 —4000
C(@4) 2500 3600 1100 2300 700 —600
C(5) 2000 1400 400 300 700 2000
C(6) 900 1700 600 600 1000 600
C(N 1300 4000 900 —700 —400 1000
C(8) 2600 1500 1200 —700 700 400
C(9) 9800 3900 1000 —80 800 —8700
C(10) 5000 1300 1000 —140 —300 —2000
C11) 1900 1400 1000 —200 —-1300 2300
C(12) 2400 4000 900 —-90 700 —3100
C(13) 5600 600 1600 30 —400 —1000
C(14) 4700 600 1100 — 600 —2300 800
C(15) 1600 3000 1100 —700 300 —300
C(16) 2700 1400 800 —300 900 1000
c(17) 1700 1100 700 70 200 400
C(18) 4500 4500 600 —2000 900 —2700
C(19) 3800 2500 1800 100 90 —1200
C(20) 4900 6200 400 —1900 700 800
C(21) 3200 1700 1400 —600 2600 —1900
C(22) 4700 1700 400 — 500 —1200 —800
C(23) 4500 90 400 70 400 2900
C(24) 1800 1500 2400 700 —2000 900
C(25) 5000 2400 400 —300 —1800 —900
C(26) 5100 5000 800 2400 1200 6000
C(27) 3500 3500 1000 50 —2200 700
C(28) 1900 3200 1000 1500 100 1000
C(29) 5100 2300 1300 300 1600 —90
C(30) 6800 3800 1000 900 500 — 5800
C(@31) 5500 3400 1500 —200 500 —3500
C(32) 3800 2400 1100 —400 2000 1600
C(33) 3700 2500 1000 —500 —400 —2700
C(34) 6400 2900 1100 2100 — 1400 —700
C(35) 2600 3100 300 —1700 600 1000
C(36) 3100 3800 1800 3000 800 1300
C@37) 3000 9000 800 1800 700 400
C(38) 5100 2500 1400 —200 —500 1500
C(39) 3700 3500 1300 —2800 500 500
C(40) 6400 1100 700 —200 1400 300

bsinY —

Fig.1. Patterson projection on the a face. Fig.2. Patterson projection on the b face.

AC23-10
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atom is octahedrally coordinated. Each of the four CO
groups and one P(OC¢H;); group contribute two elec-
trons on the Mn atom, and the resultant Mn(CO),-
P(OPh), group requires just one electron to complete
a closed-shell configuration. It appears that this is
achieved by direct Au-Mn covalent bond formation
(d19s1—d7). The P atom in the P(CsH;) group is tetra-
hedrally bonded to the three C¢Hs rings and the Au
atom. The P atom in the P(OPh); group is also tetra-
hedrally bonded to three O atoms and the Mn atom.

The important bond lengths and bond angles, and
their estimated standard deviations (e.s.d.), are listed
in Table 3. The e.s.d.’s are calculated from the equa-
tions of Cruickshank & Robertson (1953) and Darlow
(1960), taking account of the variances and 2 w42 from
the last round of least-squares refinement.

Taking the radius of Cl as 0-994 A and the Au—Cl
(terminal) distance as 2:33+0-03 A (International
Tables for X-ray Crystallography, 1962), the single
covalent Au radius is expected as 1-34+0-03 A. The
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STRUCTURE DETERMINATION OF THE COMPLEX (CsHs)sP—Au-Mn(CO)+sP(OCsHs)s

phosphorus radius can be derived as 1-06+0-01 A
from the distances P-H, 1-43+0-01 A and H-H,
0-74 A; the Mn radius similarly may be derived as
1-36 A from the Mn-H distance of 1-73 A (Tables of
Interatomic Distances and Configuration in Molecules
and Ions, 1965). Standard deviations when negligible
up to the second decimal place are not quoted.

The expected single Au—Mn distance turns out to
be 2-70 + 0-03 A; some other estimates would make it
significantly larger. This expected value differs signi-
ficantly from the observed Au-Mn distance of 2:57 +
0-01 A. This observed Au-Mn distance agrees with the
Au-Mn distance of 2:52 + 0-03 A found in the complex
(CsH;s5):P— Au-Mn(CO)s (Powell, Mannan, Kilbourn
& Porta, 1964). This suggests that the Au—-Mn bond
is multiple in nature. Diamagnetism and the short
Au-Mn distance suggest a metal to metal bonding in
the present complex.

The expected Au-P distance is 2:40+ 003 A. The
Au-P bond of length 2:33 + 0-01 A is possibly multiple

Fig.3. Projection of the structure along the a axis.



KH. A. I. F. M. MANNAN 653

Table 3. Important bond lengths,
bond angles, and e.s.d.’s

Au(1) -Mn(1) 2:573+0-007 A

Au(l) -P(1) 2-:33+£0-01
Mn(1)-P(2) 2:27+0-02
Mn(1)-C(1) 1-81+0-06
Mn(1)-C(2) 1-78 + 0-05
Mn(1)-C(3) 1:76 +0-05
Mn(1)-C(4) 1-16 £0-07
Oo(1)-C(1) 1-13+0-06
0(2) —C(2) 1-15+0-06
0(3) —C(3) 117 +0-06
04) —C4) 1-16 +0-07
P(1)-—C(5) 1:79+0-05
P(1)-—C(11) 1-76 + 0-05
P(1)-—C(17) 1-78 £0-05
P(2)-—0(5) 1-46 +0-06
P(2)-—0(6) 1-62+0-03
P(2)-—0O(7) 1-57 +£0-04
Mn(1)-Au(1) -P(1) 166:5+0-3°
Au(1) -Mn(1)-C(1) 172:5+1-8
Au(1) -Mn(1)-C(2) 78:9+1-5
Au(l) -Mn(1)-C(3) 77-0+1-6
Au(l) -Mn(1)-C(4) 76:0+1-7

in nature. The Au-P distance of 221 +0-04 A found
in the complex (C4Hs);P— Au-Mn(CO)s differs signi-
ficantly from the value found in this complex.

The single covalent Mn-P distance should be 2-42
+0-01 A. The observed Mn—P distance of 227 + 0-02 A
differs significantly from the expected single covalent
distance at the 0-19; level of significance. This indicates
that the observed Mn-P bond is multiple in nature,
the P(OC4Hs); group competing with the carbonyl
groups in z#-bonding.

The P-Au-Mn angle of 166-5+0-3° in the present
complex and that of 168 +1° in Ph;P— Au-Mn(CO)s
do not differ significantly at the 5% level of signi-
ficance. Such distortion in the P-Au-Mn bond angle
has been found from various complexes of a similar
nature. No explanation can be put forward.

In the complex studied, and in similar metal car-
bonyls, e.g. (C¢Hs)sP—Au-Mn(CO)s, (CsHs).Sn[Mn-
(CO)s], (Powell, Mannan, Kilbourn & Porta, 1964),
and Mn,(CO);, (Dahl & Rundle, 1963) the carbonyl
groups on the plane perpendicular to the metal to
metal bond direction are in a staggered configuration.
Taking the metal to metal bond direction along the
Z axis, the carbonyl groups on the Z plane may be
called the equatorial carbonyls. In the first two com-
plexes studied by Powell et al., the equatorial car-
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bonyls are bent towards the metal to metal bond direc-
tion; whereas in Mn,(CO);, these are bent away. It
has been suggested by Mason & Bennett (1965) that
mixing of p-character with the non-bonding dj, and
dy. orbitals decreases the repulsion between orbitals.
The repulsion between the non-bonded carbonyl
groups, while playing an important role in Mn,(CO);,,
is completely absent in the complexes Ph;P—Au-
Mn(CO)s, Ph;P—Au-Mn(CO),P(OPh); and Ph,Sn-
[Mn(CO)s]. Mixing greater p-character with the non-
bonding di, and dy, orbitals decreases repulsion be-
tween non-bonding orbitals, and the metal to metal
bond is stabilized. Unlike Mn,(CO), the metal to
metal bonds in all these complexes may be expected
to be shorter as there is no repulsion between the non-
bonded equatorial carbonyl groups. The metal to metal
bonds in all these complexes except Mny(CO),, are
rather shorter than expected single-bond lengths. In
Ph,Sn[Mn(CO);], the Sn—-Mn bond length of 2-70 +
0-01 A is multiple in nature.

In Ph;P— Au-Mn(CO),P(OPh); the phosphorus of
the phenoxyl group is bent away from the metal to
metal bond direction. This appears to be due to steric
hindrance of the large phenoxyl group.

My thanks are due to Prof. H.M.Powell for his
guidance during the course of this work. All the com-
putations were done at Oxford on the Ferranti Com-
puter. Prof. R.S.Nyholm kindly supplied the crystals
for X-ray investigation.
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