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Abstract

Two polycyclohydrocarbons, norbornane and the compound C1oHqy
of De Vries and Winstein, were iﬁvestigated by electron diffraction. For
both molecules the C~C bond was found to be lengthened from the normal
value of 1.54 A. Bond sirain calculations were made for both molecules,

An electron diffraction investigation of ferrocene confirmed
the proposed sandwich structure. The followlog distances for a model
with D5; symmetry were derived by the correlation method: Fe-C, 2,064 A;
c-C, 1.44o0 A. Both models in which the rings were allowed to rotate with
a small potential barrier and models in which the inter-ring C...C dis-
tances were assigned a moderately large vibrational temperature factor
constant, with no rotation, were fqund to be consistent with the visual
data.

The crystal structure of cyclopentadienyl manganese tricarbonyl
was studied by X-ray diffraction. The crystal was treated as a heavy atom
problem and three=-dimensional methods were used, Anisotropic temperature
factors were calculated from a difference Fourier synthesis., The posi-
tional parameters were refined by least squares. The Mn.(CO)5 part of the
molecule has nearly trigonal symmetry and the ring was found to be nearly
planar. The packing of the molecules approximates a cubic closest packed
array of spheres.

Cyclopentadienyl nickel nitrosyl was investigated by electron
diffraction. The method of least squares was used in‘order to refine the
parameters and to estimate the limits of error. Both models with a linear
Ni=N~0 bond and models with a bent Ni-N-0 bond were found to be acceptable.

Bond distances in metal carbonyls and related compounds are discussed.
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*
I . Electron Diffraction Investigations of Two Polycyclohydrocarbons =

~ Norbornane and the Compound C,,H,), of De Vries and Winstein

The work described in this section was done in collaboration with
Mr. C. Wong.



The compound clEElh was synthesized by De Vries and Winstein
at UCIA (1). They proposed a structural formula (fig. la) based solely
on the method 6f preparation. Because of its cage-like appearance ang
for lack of a more suitable name, we have called it the "cage". Initial
X~-ray crystallographic work on this compound failed to yield a structure
because of rotation of the molecule in the crystal (2), and a low tem-
perature study has as yet not been seriously attempted., Therefore, in
spite of the formidable number of parameters, 1t was felt that a careful
electron diffraction study would provide a useful test of De Vries and
Winstein's model and would provide information on bonding in polycyclic
gystems, |

The préliminany measurenents indlicated an unexpected length-
ening of the average C-C single bond (seé later text) from its ngrmal
value of 1.54 A, This result drew our attention to the effect of cross-
ring repulsion which has been considered to be the main cause of length-
ening of the C-C single bond in cyclobutane (3). At this time
Professor Winstein agreed that an investigation of norbornane (bicyclo-
2,2,1-heptane, (fig. 1b)), a compound of known structural formula which
hag similar structural features with the proposed cage model, would be
ugeful, and he supplied the necessary Impetus by giving us a sample.

In the study of the related compound nortricyclene (4), the
possible lengthening of the C~C bond in the five-membered rings was
masked by the interactions between the C~C bonds in the cyclopropane and

cyclopentane rings.
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The experimental work is an attempt to answer the following
questions: Does the cage really have structural features similar to
norbornane? What can be said in detall about the structures of the cage

and norbornane? Is the C-C bond length in norbornane also stretched?

Diffraction photographs (Kodak 50 plates) were taken of the
cage and norbornane” ( A % 0.06 A, L 22 10 em), The diffraction

patterns were interpreted visually in the usual manner (5).

The visual curves (fig. 2) for the cage and norbornane
exhibit many similar features, although the pattern of the cage shows

the more pronounced high frequency terms. The radial distribution

*KX¥

curves (RDI) for both molecules have two similar main peaks, a sharp

Sample-bulb temperatures:
Cage = 115°C
Norbornane = =10°C

*%
Curves A (Cage), V.S.
Curves B {Norbornane}), C.W.

All three investigators independently examined the plates and
they agreed on the main features of both compounds. However, in the case
of the cage, A.B. and C.W. overlooked several fine features of the pat-
tern because of inexperience and in addition the curve of A.B. suffers
from several exaggerations, Curve V.S. extends to larger q values. For
norbornane curve A,.B., suffers the same shortcomings as above, while C.W.
and V.S. are in excellent agreement except for two features. The dashed
lines in fig. 2 show the interpretation by V.S. for these two features.

RHH
Distances for the cage beyond 4 A are not shown on the RDI.
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peak around 1.56 A and a broader peak around 2.45 A, indicative of the
presence of puckered five-membered rings. The visual curves and RDI's
thus confirm the structural similarity between these two compounds and
indicate a lengthening of the average C-C single bond in both.

In order to make any detailed conclusion concerning the
pfoposed cage«-like model, and to obtain structural pafameters of inter-
est for both molecules, the correlation method was employed to refine
the parametérs deduced from the structural formulae (fig. 1) and the
RDI's,

On the assumption of C,, symmetry, the carbon skeleton of
the cage has nine parameters, and the norbornane skeleton five parameters.
As a first approximation, all bonded C~C distances were assumed equal,
leaving for the cage a four-parameter problem (one scale factor and three |
shape parameters), and for norbornane a three-parameter problem‘(one
scale factor and two shape parameters). The three shape parameters for
the cage are taken as 4 2-&-2', A 2-3-2111 (fig, 1a), and the dihedral
anglé Y between plane 2-3-2''' and the plane bisector of the dihedral
angle formed by planes L-4?=2'11-2 and 1-1''*-2-2''?, which is taken as
positive if atom 3 lies on the same side of the plane bisector as atom b,
The two shape parameters for norbornane are 4 B-C-B' and < A-B-A'
(fig. 1b).

In the case of the cage, the initialyassumption of X\== 0
geems reasonable in view of the approximate symmetry of the molecule

sbout the 2-3-2''! plane, The remaining two-parameter problem was then
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extensively 1nvestigated.* Representative thecretical curves in the
range 103°< ¥242' < 109° and 89°< 4232"* £ 99° are shown by curves
1-8 in fig. 3. (The parameters used in calculating these models are
tabulated in Table 1.)

For ’}f== O the range of acceptability may be interpreted as
follows., Features below ¢ — U0 are essentially invariant over the range
of parameters illustrated. The observation that minimum 8 is deeper than

9** is not represented satisfactorily by

the everage of minima 6 and
curves 6, 7T, and 12.*** Curve 5 1s on the borderline. The acceptability
of this feature is improved in the direction of curves 1, 2 and 8. The
ghape of minimum 9 was observed to be round and broad and is not
represented satisfactorily by curves 7, 8 and 12, ¥** Curve 1**** was

judged to be unacceptable since maximum 12 lies inside the broad minimum

* In both compounds the C-H bond length was taken to be 1.09 A.
Hydrogen atoms bonded to bridge-head carbon atoms were assumed to be equi-
distant from the three carbon atoms bonded to the bridge-head atoms, and
hydrogen atoms bonded to secondary carbon atoms were symmetrically placed
with 4 H-C~H equal to 109° 28'. (These are very rough approximations.)

*%
A three-fold comparison in which the features compared do not -

have the same shape is subject to systematic error. However, in this
case, careful direct comparisons with the corresponding features for
norbornane (fig. 2) were made, so that we are rather confident of our
assessment of minima 6, 8 and 9.

RX¥
Not shown.

kol Also curves 11 and 12 which are not illustrated.






‘Table 1

Cage Parameters of Fig. 3

Mogel J232''' J2k2' Y ag,cl ac,,c? ac-m  ac.El  8c..52

. (10*42) (1042) (10*42) (10%42) (10%a2)
1 89.8 106,55 O 0 0 o0 0 N
2 91.2 " " " " " " "
3 93.h4 " " " " " " "
4 95.5 " " " " weooom "
ba m s 700 " "
4b " L R 7.0 25 35 359
ke " o v30,1 10.1 23 35 359
4 " " "5 7.0 16 25 255
5 96.6 O oo oo -
6 98.3 " " " " " " "
7 95.5 1035 " " " " " "

8 95.5 109.6 " " " " " "
9 95.5 106.5 50 " " " " "
10 95.5 106.5 +5° " " " " "
1* 90.4 109.6 0 " " " " "
12t 90.4 1035 0 " u " " "

1 Bonded to the same atom.

2 Not bonded to the same atom,

5 For individual values see Table 2,

by

Not illustrated in fig. 3.
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between maxima 11 and 13 and curve 2 is on the borderline. Increasing
L 232111 makes this feature acceptable. On curves 8 and 11 maximum 13
1s above the average of maxima 11 and 14 which does not represent the
visual observations satisfactorily. Minimum 15 is too sharp and deep
on curves 1 and 6 and this feature cannot be improved, we believe sy bY
changing the temperature factors. The general appearance of minimum 15
on curves 7 and 8 is not satisfying. The range of acceptability, as~
suming X‘—-—- 0, is illustrated in fig. 4a, For models inside the range
of acceptability, excellent agreement with the visual curve can be ob-
tained by adjusting temperature factors and including hydrogen tests, as
shown by curve Lb.

Curves 4, 9 and 10 illustrate the effect of variation of Y .
The three-fold comparison among minima 6, 8 and 9 is improvéd by
increasing ¥ (curve 10) while decreasing X (curve 9) has no sig-
nificant effect. Maximum 12 is shifted to the inside of the broad
minimum between maxima 11 and 13 by decreasing Y . The three-fold com-
parison among maxima 11, 13 and 14 becomes unsatisfactory by varying Y
in either direction. Curve 9 is unacceptable while curve 10 is barely
acceptable, Therefore for the values of 4 232'!'' and & 242' for model
4, the indication is that Y =+1° * 4O, Tt is indicated that curve 5
may be made completely acceptable by slightly increasing Y since the
three~fold comparison among minima 6, 8 and 9 may be made acceptable with-
out destroying the acceptability of the comparison among maxima 11, 13

and 1k.
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Table 2

Interatomic Distances for Cage model 4b

Terms Multiplicity Distances aij
A 10#&2

I c-C 17 1.56 0

II C.C

1=k b 2.k2 L5

2-h1 L 2,46 "

1-1"t 2 2.21 "

1=-27 b 2.52 "

1-2111 4 2.46 "

2-2111 2 2.31 "

2=2° 2 2.50 "

3=l I 2.43 "

1-3 h 2,43 "

ITT C..C

L=kt L 2.88 7.0

1-2%1 4 3.16 "

p-pit 2 5.40 "

13 4 5.57

2-31 b 3.69 "

331 1 L.48 "
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Table 2 (Cont'd)

Terms Multiplicity Distances a4
A 10%a2
v C-H 1k 1.09 23
\ C.H
o(‘,-rl',l"',2 12 2.29 35
(.’;'-l,h,B 12 2.27 35
¥ -2 8 2.23 "
%'-1, 1,ht 6 2.24 "
VI C..H
| S-1 L 3.42 oo
B-1r? b 3.93 35
§-ar 4 3.27 35
3=3 4 2.97 "
A=l Ll- 3,42 n
ol =i * b 3.96 "
of-11" L 3.0k4 S
K =21 4 3.33 "
X211 b 3.41 "
X =3 " 3.07 "
X -3 4 k.55 "
B -k 4 3.4k 35
(3 -1! i LR o
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Table 2 (Cont'd)

Terms Multiplicity Distances 843
A 10442
‘@ -1t N 4,13 35
p-it L 3.20 "
B2t 4 3,06 i
f& -1t L 4ko "
p-e b 3.35 "
p -3 4 A "
Y, -t y 3,42 "
X -1 4 2,72 B
X,-1' 4 k.13 oo
¥-2 b 454 "
-3 2 5.37 "
¥ -1 b N "
}{z Dt I 4,20 "
X3 2 4.90 "
¥k b 3.42 ’ "

o -Hydrogen bonded to 1

(5 - " " " o

){: -Hydrogen (above plane 232''') bonded to 3
- " 1" 1 1" 1" 1"
X\z (velow )

§ “Hydrogen bonded to k4,



From the above considerations we conclude that the proposed
structural formula is consistent with the electron diffraction pattern.
A curve was calculated (not shown) based on model 4 with the C-C bonded
distances varied in a manner indicated by the bond strain calculation
(see later text) without changing the average distance., No significant
effect on the appearance of the curve was observed. No further attempt
at differentiating the C-C bond lengths was made in view of the large
number of parameters involved.

In the case of norbornmane the range of acceptability (fig. &)
appears to be larger than for the cage. The parameters used in cal=-
culating the models are listed in Table 2, and the calculated curves are
ghown in fig. 5., Curves B, C, G and J are clearly unacceptable becauge
of the shape of maximum 6 and/or 8 (G and J also failed in the three-
fold comparison of minima 7, 8 and 9), while curves A, F and H are at the
limit of the range of acceptability. Curve E was adjudged to fepresent
the best model and gives excellent agreement with the visual curve. As
in the case of the cage all models within the range of acceptability can
be made to glve good agreement with the visual curve and no effort was
made to resolve the differences in the C-C bond lengths.

Calculations of the expected bond strain due to crosé~ring
repulsions were made for models within the range of acceptability. If
a Hooke's Law potential is assumed for bond stretching and for first
neighbor repulsions (the valence deformation forces are assumed negli-
gible), then the force on atom i due to atom j can be expregsed as

(see Table 5):
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Norbornane Parameters of Fig. 5

Table 3

Model 4 BCB' < ABA' ag.c ag-H ac.m ag,.®

(10"a2)  (10"2) (10"a®)  (10%a2)

A 98.7 104.8 b5 16.0 41.0 80.0
B 9.3 115.3 " " " "
c 96.3 108.8 " " " "
D " 105.2 " " " -
E " u 10.1 " " "
F . 101.5 4.5 " " "
G " 96.0 1.5 " " "
H 95.0 101.7 10.1 " " "
I 93.0 105.8 10.1 " " "
J 90.5 106.5 4.5 " " "
Kt 90.5 115.8 45 " " "
! 98.7 113.5 n " " "
ut 90.5 97.2 " " " "
1 95.5 " " " "

N 98.7

1

Not illustrated in Fig. 5
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Table 4

Interatomic Distances for Norbornane model E

Terms Multiplicity Distances ay 3

A 10%a2

I c~C 8 1.55 0
iI Ceedl

AC i 2.39 10.1
AB! 4 2.45 "
BB 1 2.31 "
AA? 2 2.46 "
I1T CeesC AATH > 2.91 "
Iv C-H 12 1.10 16

v C.H 1 .
—AtTY i 2,19 "
o(l-Al 1 ,_l. 2.20 "
X -B y 2,20 "
$1-B 4 2.22 "
yi-a 4 2.25 "
K‘ -C 2 2’25 "
C * .H .

v < -A' L 2.60 . 80
S =A b 2.66 "
(3 -G b 2.85 "
p"B' ‘h‘ 3018 "
X B! 4 3.19 "
of =At? 4 3,22 "
Y -B! 2 3433 "
X =C b 3.36 "
S-At L 3.41 !
X"A' 11 L 343 "
-AY i RS "
(popr 4 3.93 "




Table 4

Bonded to A (on the same side of plane A=A'-A''=A''!

"

"

11

"

"

1t

A.

as C and B).

(Cont'd)
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F = F‘ G-G for bond

ag Tig Y‘i'a or bond stretching,
F = F ! —gi—_'-"ci for repulsi
LT TR Ry pateton

where
FT"S tension on bond between atoms i and J
F‘?\'tg repulsive force between atoms 1 and j,
u vector from origin to atom k

iy = \ i - 5‘ , bonded, RLS = \"CL ”£S\ » nonbonded,
first neighbors.
For equilibrium 2 Ei § =0 for all atoms i. In the actual
calculations all vectors we';e regolved into Cartesian coordinates. The
scheme followed was to solve the equations for the magnitudes of the
repulgive and tensile forces for each model,. as is possible because ‘I"'k
is known from the parameters of the model, rather than to solve for the
equilibrium configuration on the basis of assumed force constant values.
However, there are more unknowns than equations. In order to solve

these equations, the minimum number of repulsive forces (consiétent with

Hooke's Law, Fﬁ'cs-’kl( 'R.;S - ‘Ro }) (Table 5) were assumed’ and the

* For the cage the results of independent calculations by A.B., and

C.W. are listed. C.W. chose the repulsive forces to be equal to
A ( R:; - Ro ) whereas A.B. chose slightly different forces in an at-

tempt to accomplish a rough "least square" result. For norbornane

FR'&\; = )(,( R"*S" R, ) was chosen.,
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Table 5

Summary of Bond Stretching Calculations

Cage (Model L)

Ft RO-R Assumed Calc. Assumed Calc.
R Forces Forces Forces Forces
(a) A.B. A.B. C.W. C.W.
1“5 '3 09 . O98kl . 09kl
1 -’h’ . lo ® 086k1 * lOkl
1-1%" «31 .Blkl .31k1
1-2' .00 0 0
1“2‘ L 106 a052k1 006kl
2-21 .02 .050k1 .085kl
2-2111 .21 .l93kl .176kl
2-2" .06 .0521{1 .%kl
3=kt .09 .098kl .091:1
Fl Calc. Calc. Calc. Calc.,
T Tension Stretch Tension Stretch
A.B. A.B. (A) C.W. c.Ww. (4)
1-1 .238k; .018 | 1250k .019
l1-11"? .51"01:1 0025 031}71?1 ° 026
2-h .219k, .016 24Tk - ,019
haht .258kl .019 .280k1 .021
Ave. Stretch .019 A 020 A

Stretch + 1.5k, 1.559 A 1.560 A
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Table 5 (Cont'd)

Norbornane (Model E)

Fg! R°-RiJ Assumed Calc.

4 Forces Forces
A-C | .13 | 13k,
B-B' 21 .232k1
A-A! 7 .06 -080k,
A-B! 07 .O?kl
Fop. Calc, Tensions Calc. Stretch

)
A-B 0229k1 -017
B=C .509k1 .023
A-A' ' .153kl .Oll

Ave, Stretch 017 A

8tretch + 1.54 = 1.557 A

Fn = k, (C,,-Y))
T 13 2 i <]
Foi = k., (R,,-R)
Ri j 1713 o
ro ) normal C=C single-bond length
Ro , normal non-bonded distance assuming tetrahedral angle, 2.52 A
k,, force constant for C-C single-bond stretching, k %% (6)

k, , force constant for C.C repulsion, 0.3 ’%Q- . (This value is

assumed from the bending force constant of < C-C~C.) (6)
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Table 6

Cage
Max., Min. qé Wt. qc/qo(hb)
1 6.07
1 9.86
2 14,19
2 ‘ 18,33
3 22.56 1.004
3 26,72 1.040
-k 31.82 1.014
b : 35.1h 1.002
5 38.19 985
5 42,60 1 .998
6 47.33 1 1.010
6 50.95 1.022
T 54,28 1,003
7 58,04 OTT
8 62.40 1 «996
8 66 .46 1 1,005
9 72.47 1.007
9 76.75
10 80.17 .998
10 83.22
11 87.35 1 1,000
11 91.85 1 1.004
12 96.49 1.021
12 99.98
13 103.07
13 106.83 1.001
14 111.93 1 1.002
1k (117.65) 1.00k4
15 (124.82)
15 (132.65)
Ave. T 1.002
Ave, 22 1.005
Mean div. 7 .0035
11} 1" 22 . R 0088
For "cage" C-C = 1.56 x =C () = 1096 (1.002) = 1.563
9%

1 Ave, of C.Wo, A.B. and V.S8.
() V.S. only



Table T
Norbornane
Max. Min. q_i qc/qo(E) Wt.
1 6.07
1 9.46
2 13.55
2 18.38
3 22,64 1,014
3 27.48 1.021
' b 32.75 1,011
b 36.12
5 38.96
5 42,92 .996 1
6 4W7.77 1.002 1
6 54,91
7 62.35 1.002 1
7 67.72 1.004 1
8 T2.47 1.012 1
8 80.07
‘ 9 87.54 1.002 1
9 92.99 1.003 1
10 99.21 1.008
10 105.34 1,011
11 112.58 1.00k
11 118.32 1.006
12 125.12
12 128.14
Ave. T 1.003 Ave, div. +00k
Ave, 14 1.007 Ave. div. .005

rc_c = 1.55 x 1.005 — 1.555

1

Ave, of C,W., A.B, and V.S,
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remaining repulsive and tensile forces calculated. The results of these
calculations are listed in Table 5 for cage model 4 and norbornane
model D.

The calculated values for the bond lengths in the cage and
norbornane are respectively 1.560 A and 1.557 A (Table 5), in surprising
agreement with the experimental values of 1.565:t 0.01 A (Table 6) and
1.555 & 0.01 A (Table 7).

The electron diffraction result (for ¥ = 0, fig. 4) indicates
that model 3 is the 'best model' for the cage. However, model 4 was
chosen to be the best model for consistency both with the electron 4if-
fraction result and the sbove simple calculation.* In the cese of nor-
bornane, the best electron diffraction model is consistent with the cal-

culation.

The indication is that by increasing )A » the range of acceptability
of A 232'''" and 4. 242' would expand in the general direction of models
4 and 5. This would presumably push model 4 (with Y* > 0) toward the
center of the range of acceptability in three-dimensional shape parameter
gpace, Although the assumptions on which the bond strain calculations
are based force 3“:: 0, the very approximate nature of these calcula-
tions cannot be ignored.
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Table 8
The Bond Angles of Cage (4b) and the Corresponding Bond

Angles of Norbornane (E)

Cage Norbornane

232111 95°30" BCB! 96°19
423 102°18¢

ABC 9931
321 102°18
124 101%43! ABA' 105°14
2111t 104°4 !

BAA'"! 104°11"
2hht 104041
2yt 106°291
211t 10743

101100 900




II. The Molecular Structure of Ferrocene,

Bis~-cyclopentadienyl Iron
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Thé discovery of bis-cyclopentadienyl iron by Kealy and
Pauson (7) has been followed by preparations of the analogous compounds
of several other metals by several investigators. Many of these com-
pounds appear to have the interesting "sandwich" structure postulated
by Wilkinson, et al, (8) and confirmed in the case of ferrocene by
chemical propeities (8), infrared spectrum (8), X-ray diffraction (9),
and nuclear magnetic resonance spectrum (10). We felt that an electron
diffraction investigation of the vapor would be worth while*, particularly
because we could‘hope to obtain more accurate values for some of the
structure parameters,

The ferrocene sample, kindly supplied by Professor Wilkinson,
was purified by two vacuum sublimations at 70 to 80°C, Diffraction
photographs were made on Kodak 50 plates with the sample heated to
100~150°C using 40 kv electrons and a 10 cm camera distance,

The visual data’ ", which extended to g = (10/47 ) s = 120,
were analyzed by the usual methods (5) to give the radial distribution
curve (fig. 6). The peaks may be interpreted in terms of a sandwich
molecule with D. symmetry as follows: 1.06 A, C-H; 1.43 A, C-C; 2.05 A,

5
Fe=C; 2.33 A, C...C (intra-ring); 2.88 A, Fe...H; 3.45-4.03 A, C...C

Since the completion of this investigation, Siebold and Sutton (11)
" have reported the results of an independent electron diffraction in-
vestigation of ferrocene.

**¥ A1l three obeervers (K.H., W.C.H. and A.B.) independently examined
the plates. The curve of A.B. is not illustrated since it contains
several erroneous interpretations due to inexperience. The curve of K.H.
was given greatest weight for interpreting the theoretical curves be-
cauge of his greater experience and because the other observers finally
agreed with his interpretations.
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Ilegend for Figure 6

Electron diffraction curves for ferracenel

Theoretical intensity curves to illustrate the range of curves

gtudied. On curve E, the begt curve, vertical lines represent the measured

ring dliameters,

For all curves shown, Fe-C ig 2.05 A,

Model c-C Bpe~C aC..,Cg Ck q/qog HMean
dev,
A 1,45 0.0010 0.0027 10 1.006 C.0037
B 1.1 0.0010 0.0027 10 1.009 0,.0070
c 1.43 0.0010 0.0027 10 1.007 0.006k4
b 1.43 0.0010 0.0027
E 1.43 00,0020 0.0027 10 1.007 0.0Ch6
F 1.43 0.0010 0.0027 0.2
0.0026 2 6
G 1.43 0,0010 0.0025% staggered
0,0020
0.0026)° .
H 1.43 0.0010 0.0023% opposed”
0.0020
J 1.43 0,0010 .
X 1.43 0.0010 0.0100 staggered”
L 1.43 0,0010 0.0100 opposed6
1 The meaning and use of the critical marks on the curvesg are discussed by
W. F. Sheehan, Jr. and V. Schomaker, J. Am. Chem. Soc. (1952) T4, L468-9,
2 Weights: K.H. 6; W.C,H, 3; A.B. 1
5 Inter-ring
% In the expression P(B)= 1+ C + cos 50 (see later text)
2 See footnote on page 32
6

equilibrium positions with no rotation.

For these models the rings were assumed to be vibrating about their
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(inter-ring),‘ The Fe...H peak of the radisl distribution curve is con-
gletent with a model in which the hydrogen stoms are in the planes of
the rings,

Theoretical intensity curves, some of which are illustrated
in fig. 6, were calculated for the following ranges of the structure
perameters: 1) 1.40/2.05& ¢-C/Fe-C € 1.45/2.05; 2) 0.0010 &

Be = (_2\,_..4; T = L5 Ce.o>) & 0.0020. A1l temperature factor
constants other then ap..c and an ¢ (inter-ring), were kept constant

and are listed in Table 10. The value of C-H/Fe-C was assumed to be
1.08/2,05, The legend to fig. 6 lists the parameters used for cal-
culating the illustrated curves along with q/qo values and thelr mean
deviations for several of these curves.

Relative motion of the two rings was investigated by con-
gidering models in which the rings were assigned a small vibrational
température factor constant and allowed to rotate, as well as models in
which the inter-ring vibrational temperature factor congtanits were varied,
with no rotation. Quadratic potential functions for both DBd (staggered)

and D (opposed) equilibrium configurations wepre investigated. A1l

Sh
terms except the H...H terms and the inter-ring C...H terms were included.
An effective value of 1.25 for Zy was used,

The Pinal structure parameters with thelr estimated limits of er-
ror, based on the assumption of = sandwich molecule with D5d symmetbry, are
surmarized in Table 10. The final interatomic distances are illustrated
by vertical lines under the radial distribution curve in fig. 6. The shaded

ares illustrates the spectrum of C,..C inter-ring distances for free

rotation (not to the same vertical scale). Conclusions concerning relative
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motion of the rings are discussed in the later text. Table 9 lists q/qo
values for the best model, model E. Fig. 7 illustrates the variation of
q/qo over the range of acceptability for the three observers.

One of the methods used for investigating the relative motion
of the two rings was to assume that the probability distribution of
angular displacement from the assumed staggered equilibrium position was
of the form

P(B) =1+ C + cos 56
wvhere © 1s the angular displacement from the equilibrium position.
Free rotation is therefore represented by C = o2 , while a finite value
of C represents a non-zero potential barrier. This approximation has the
shortcoming of not being capable of representing a large potential bar~
rier. For these models no attempt was made to prove whether the
equilibrium configuration is DBd or D%h' For consistency with the
crystal structure (9), 1)5‘1 was assumed. An arbitrary vibrational
temperature factor constant as ,6 o = 0.0027 was assigned to the inter-
ring C...C distancés* and the parameter C was varied from O to 0 .
Any value of C greater than 5 is compatible with the visual data. The
value ¢ = 5 corresponds to a potential barrier to rotation of approxi-
mately 1/4 keal/mole*™. Therefore the inability of the assumed distri-

bution function to represent large potential barriers is not harmful.

* In earlier models, €.g8., G and H (fig. 6), separate temperature

factor constants were assigned to each of the different inter-ring C...C
distances, However, the effect of the different temperature factor
constants was seen to be negligible and one temperature factor constant
was then assigned to all inter-ring C...C distances.

_Vo cos 59

*%
P(O)=1+C +cos 50 = (1L+C)e 2 AT

For C= 5, T = 400°K, Vo= 1/4 kcal/mole
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Iegend for Table 9

Table of q/qo

The data of the three investigators were weighted according
to their relative experience in measuring and interpreting electron dif-
fraction photographs. The weights to be assigned to the various rings
were determined as follows: 1) Inner rings were assigned weight zero
because of fhe relatively large percentage error introduced into q by a
small variation in the measured diameter., 2) Extreme outer rings
were assigned weight zero because of their weak intensity. 3) Features
vhich would be expected to exhibit a large St. John's error, e.g highly
asymmetric features and extremely broad features, were assigned weight

zero. U4) All other features were assigned weight one.
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Table 9
Qomte W.H. K.H. A.B, Ave.
¥ *%
max. min. a/a q/qo a/a, a/a, Weight
1 7.9 0.845 0.946 0.959 0
1 12,0 966 1.009 1.001 0
2 16.5 1.003 1.041 .996 0
2 21.4 1.028 1.038 1.030 0
3 26.5 .985 1.018 .998 1.006 1
3 31,2 1.007 1.017 1.027 1.015 1
N 36.9 1.001 1.023 <997 0
N 42,6 1.010 1.008 1.022  1.010 1
5 hr.7 <999 1.004 1.015 o]
5 51.2 .992 1.002 1.001 .999 1
6 55.8 984 1.013 .992 0
6 60.9 994 1.003 1.005 1.001 1
7 66 .6 1.006 1.01k 1.009 1.011 1
T 71.6 1.010 1.01k4 1.022 1.01% 1
8 76.2 1.007 1.005 1.008 0
8 80.0 997 1.005 1.003 1.002 1
9 83.5 992 1.004 .988 0]
9 88.7 1.005 1.005 1.003 1.005 1
10 93.9 1.012 1.007 1.009 1
10 101.0 997 990 1.029 0
11 109.3 1.018 0
11 115.0 1.005 0
Weighted Average 1.002 1.009 1.010 1.007
Mean Deviation .0078 .0051 .0091 .00k6

*%

W.H. 3
K'H’ 6
AB. 1
N
N= 0.06176 A

L= 9,627 cm

From the best curve, curve E

Data averaged with the following welghts:
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Table 10

Final Results

Distance Limit of Error ajy
Fe-C | 2,064 A 0.013 A 0.0020
c-C 1.440 A 0.029 A 0
c-H 1.087 A% 0.007 A 0.0015%*
Fe...H 2,847 A 0.039 A 0,0035**
C...C (intra-ring) 2.330 A 0.038 A 0.0010**
Distance between rings 3.32 A 0.06 A

The value of Fe-C is equal to the assumed value of 2,05 A
multiplied by a7§; (1.007) for the best curve (curve E)., This value,
2,064 A, is uncertain due to uncertainties in the value of 6753 resultingv
from} 1) uncertainty in 5762 for the best curve; 2) instrumental errors;
3) variations in E7E; over the range of acceptable curves (fig‘ 7}« The
resultant uncertainty in Fe-C due to effects 1) and 2) was assumed to be
0.01 A. The uncertainty due to 3) is 0.13%. The net uncertainty in the

0.\3
value of Fe-C is therefore the sum of these effects (2.05- 55 + O,ol>'

c-C

—C = -C \—=———
c-¢ Fe (FC‘C )Bes\' Cuvrve

An uncertainty in C-C arises because of the uncertainties in Fe-C (including
instrumental errors) and in C-C/Fe-C (1.43/2.05 * 0.02/2.05).

Cc=C = 2,064 (1.43/2,05) * 50,015 (1.43/2.05) + 2,064 (0.02/2.05)1

*  Assumed ratio C-H/Fe-C = 1.08/2.05

** Assumed



-3"{" -

The‘other method for investigating the relative motion of the
two rings was to consider models with no internal rotation and to vary
the inter-ring C...C temperature factor constants. The vibrational
temperature factor constant was varied over the range 0.0025 < aC...Cé co
for models with both DBd and QSh symmetry. Satisfactory agreement with
the visual data was obtained for 0.0100 < ag,..C £ 0.0200 for both
symmetries.

Comparison of curve J (Fig. 6), in which the inter-ring C...C
terms are omitted, i.e., ac,,.c= ©° , with the visual curve indicates
that the desired effect is to have the inter-ring C...C terms die out
rapidly., The necessary result is obtained with models having either a
small barrier}to rotation or models having a moderately large inter-ring
C...C temperature factor constant. Our electron diffraction investiga-
tion‘is incapable of distinguishing between these two models,

Curves A, B, C and E (fig. 6) illustrate the rangesof the ratio
C=C/Fe-C and ape.c investigated. For g £ 70 only C-C/Fe~C is important,
but beyond q = 70, reasonable variations of both C-C/Fe-c and ape.c af-
fect the curves.

These curves (as well as the others illustrated) may be
interpreted, assisted by the critical marks, as follows.

Vieual observations showed minimum 4 to be asymmetric in a

manner which is represented satisfactorily by curves C, D, E, L and K?.

This feature is exaggerated on the visual curve of W.C.H, and does
not represent a basic disagreement in interpretation. The visual ob-
servations are best represented by the curve of K.H.
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Increasing tﬁe ratio (curve A) gives a poor fit for maximum 5 which was
obgerved to be & weak, narrow maximum, Increasing the ratioc also
destroys the fit in the relationship between maxima 8 and 9. Maximum 4
wag observed to be equal to the average of maxima 3 and 5. Curves for
C-C/Fe-C = 1.43/2.05 £ 0.02/2.05 are consistent with these features.

The feature at‘about g == 100 was Judged to have the appearance of a
doubled maximum or an extremely broad maximum. Curves B and E represent
this satisfactorily. This feature would be made acceptable on curves D,
L and K by increasing epg.cs as illustrated by comparison of curves C and
D. Of 2ll the curves calculated, curve E wag Judged to represent the
best fit with the visual data. The best value for the ratio was judged
to be 1.43/2.05 while the ratios 1.41/2.05 and 1.45/2.05 were judged to
lie on the border of the acceptable range., Although curves were not
calculated for all values of the ratio C-C/Fe-C nor for all temperature
factor constants, interpolations were made to determine the appearance of
these curves,

The failure of the Born Approximation (12) would manifest
itself by a broadening of the Fe~C peak of the radial distribution curve.
The expected split is calculated (12c) to be 0.06 A, which corresponds to
an increase of 0.0005 in the derived value of ape.p. The value of the
intra-ring ac, o vas sssumed to be 0.0010 from considerations of the
widths of the radial distribution peaks corresponding to C...C and C-C.
The derived value of ape -C will depend upon the assumed value for agage

X-ray analysis of the ferrocene crystal has yielded the follow-
ing average results (9d): Fe-C =2.045 A, &~ = 0,024 A; C-C = 1.403 A,

S~ = 0.040 A, Our results (Table 10) are in fairly good agreement with
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these X-ray fesults but théy do seem to indicate a considerably larger
molecule. Siebold and Su,tton (11) nave reported an electron diffraction
result of Fe-C = 2.03 & 0.02 A and C-C = 1,43 % 0.05 4.

A C-C bond with length 1.440 A has 2%% double bond character
(13) which is less than the 40% double bond character which would be pre-
dicted from a model in which each ring has two C-C double bonds and one
Fe-C bond, resonating among the five positions. Pauling's formula (lh),
R(1) - R(n) = 0.300 log n, was usged in order to determine the bond num-
ber, n, for the Fe-C bond. In this formula, R(n) is the radius of the
atom in a bond with bond number n and R(l) is the single bond radius.

If the single bond radiil of Fe and C are taken as 1.165 A and 0.771 A
(14), respectively, then Pauling's formula gives n = 0.61 for a Fe-C bond
of 2,064 A, Therefore there are 1.22 electrons associated with each Fe-C .
bond and 2.46 electrons associated with each C-C bond. The sum of the
eledtrons associated with each carbon atom ig therefore 8.1%, taking 2.00
electrons for the C-H bond, in satisfactory agreement with the expected
value of 8.00.

Each carbon atom may be said to contribute 3.46 (1.23+1.2341.00)
electrons to the C-C and C-H bonding. Therefore each of the ten carbon
atoms has 0.54 electrons available to contribute to the Fe-C bonding.
Since the total Fe-C bonds contain 12.2 electrons of which 5.4 are con-
tributed by the carbon atoms, then the iron aﬁomeust contribute 6.8
electrons to the bonding in the molecule. This is not inconsistent with
the fact that an iron atom has eight electrons more than a noble gas

structure.
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ITI. The Crystal Structure of Cyclopentadienyl

Manganese Tricarbonyl



-] -

Thé existence of sandwich molecules was first postulated by
Wilkinson, et al. (8) in 1952 on the basis of chemical evidence which
indicated that Kealy and Pauson's (7) proposed lonic structure for
ferrocene, (C5H5)2Fe, was incorrect. The sandwich structure of ferrocene
has since been confirmed by X-ray and electron diffraction studies (9,

11, 15) and evidence of sandwich bonds in other molecules has been pre-
sented (16, 17, 18).

Since 1951 bis-cyclopentadienyl derivatives of many of the
transition mgtals have been prepared. The preparations of a number of
cyclopentadienyl carbonyl compounds of the transition metals and some
related nitrosyl derivatives have also been reported (19). In these
compounds, among which are C5H5Mn(00)3 and C H;NiNO, the metal atom is
said to be bonded to the cyclopentadienyl ring by a "sandwich bond" (19).

A molecular orbital treatment of sandwich molecules indicates
that a stable compound will result if the central metal atom is surrounded
by eighteen electrons, a rare gas configuration (20). Each cyclopenta-
dienyl ring is assumed to contribute five electroné*. In bis-cyclopenta-
dienyl manganese the central manganese atom is surrounded by only seven-
teen electrons. Replacement of one ring by three carbonyl groups will
increase this number to eighteen, giving a more stable structure, if it

is assumed that each carbonyl group contributes two electrons.

* Piper, et al. (19) suggest that in mixed cyclopentadienyl carbonyl

and nitrosyl compounds the ring contributes one electron to the central
atom which then shares fourteen electrons. This view is generally not
now accepted (20).



In order to obtain more information relevant to these considera~
tions, a structure investigation of cyclopentadienyl manganese tricarbonyl
was made. This compound was treated as a heavy-atom problem,

Cyclopentadienyl manganese tricarbonyl, C EEMn(CO)B, can be

5
prepared by the action of carbon monoxide under pressure on the mixture
resulting from the reaction of sodium cyclopentadienide and manganous
bromide (19). Fischer has prepared this compound by reacting pressurized
carbon monoxide with manganocene (21). The product may be purified by
sublimation in vacuo, and deposits as yellow crystals.

The sample used in this investigation was prepared and supplied
by Professor Wilkinson. The crystals used were irregular in shape with a
maximum linear dimension of about 0.3 mm. Because of their volatility
the crystals were mounted in lithium borate glass capillaries,

Lave and oscillation photographs were used for orienting the
crystals. The Laue symmetry was found to be Cope Equi~inclination
Welssenberg pictures were‘taken, using CuK« radiation, about the b axis
and the [1021 axis. Intensities on the multiple-film photographs were
estimated by visual comparison with an intensity strip and the two sets
of data were correlated after application of the Lorentz and polarization

factors. About 900 reflections were observed.

The only systematic absences were

hoXt h odd

0koO k odd.

These data indicate the space group to be P The unit-

Zl/a ¢
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cell parameters, as obtained from Straumanis-type single crystal rotation
photographs, are
a = 11.99 £ 0.028 A

b 7,07 £ 0,030 A

|

¢ = 10.93 £ 0.023 A

f& = 117°48' * 10°
The parameters were refined and the standard deviations calculated by
least squares, On the basis of four molecules per unit cell, one per
asymmetric unit, the calculated density is 1.654% g/cc.

The reflections with h+ k odd are, in general, much weaker
than those with h + k even, This datum indicates that the position of
the manganese atom is such that it makes a small contribution to all
h + k odd reflections., The trigonometric part of the manganese contri-
bution to these reflections is sin 2 (hx +£z) sin 2m(ky). Therefore,
in order that the manganese contribution tc all h + k odd reflections be
negligible, either y is O or x and z are O, The values x = z = 0 were
tentatively rejected on the basis of packing arguments. In order to
determine the x and z parameters for manganese, an hOL Patterson pro-
jection (fig. 8)* was calculated using Beevers~-Lipson strips. The strong
peak at x = 0.080, z = 0.526 can only be a Mn-Mn interaction. This gives
the manganese parameters as z = 0.263 and x = either 0.040 or 0.290 since
in projection a two-fold screw-axis cannot be distinguished from a center

of symmetry. Three-dimensional structure factor calculations show

In this and in other figures, negative contours are omitted.
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x == 0.290 to ;oe consistent with, and x = 0.040 to be inconsistent with,
the observed data,

An electron density proJjection onto (Glo), calculated from the
lﬁxﬂ reflections using signs as determined by the manganese atoms, did
not give a clear indication of the structure. Therefore, three-dimen-
sional methods were employed. In order to reduce the calculating time,
the IBM "M-card" system was used. A Fourier gynthesis was calculated
using only h <+ k even reflections with signs determined by the manganese.
The omission of h+ k odd data places a false mirror plane at y= O,
leading to a doubling of the number of peaks.

From this Fourier synthesis parameters for the eight carbon
atoms and the three oxygen atoms were obtained. Structure factor calcula-
tiong were made using McWeeny form factors for carbon and oxygen and
Thomas-Fermi scattering factors for manganese, Isotropic temperature and
scale factors were calculated by Wilson's method. These parameters were
then refined using hoL and Okf TFourier projections (figs. 9 and 10).

These data were further refined by calculating a Fourier syn-
thesis using all reflections for which the sign could be reascnably as-
gigned from the structure factor calculétions. Table 12 lists the atomic
parameters and R factor at several stages in the refinement.

A difference Fourler synthesis (FO-Fc synthesis) was calculated.
Anisotropic temperature factors were indicated and were estimated by the
method of Leung, Marsh and Schomaker (22). The atom shifts were not cal-
culated from the difference Fourier synthesis because they were indicated
to be small.

Calculations of structure factors using these anisotropic tem-

perature factors and least squares refinements of the atomic positions were
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made on the Datatron computer. The program used was written by Pasternak

and reviged by Marsh and Nathan*. Welghts were assigned according to

=L F > UF

Fo 8] min

F L 4r

P .
{Folfum,  © M7
W= 0 unobserved reflections.

Hydrogen atom contributlions to the structure factors were included with
parameters calculated by assuming they were in the plane of the cyclo-
pentadienyl ring with an effective C-H distance of 0.95 A,

After two refinements, another difference Fourier synthesis was
calculated in order to check the temperature factors. Only minor changes
in the temperature factors were indicated; these were made, and three more
least square refinements were calculated. In Tables 11, 12 and 13 there
are listed, respectively, the final anisotropic temperature factors for
all atoms, the final atoﬁic positional parameters** with their standard
deviations and the calculated interatomic distances and angles along with
their standard deviations calculated from the least squares treatment (see
later text). The interatomic distances are also given in fig. 11, which

shows a proJection of one molecule onto the ac plane. The final R factor

* This program takes into account the symmetry of the space group in

applying the anisotropic temperature factors.

*x In all refinements except the last, the atom shifts were calculated

using only the diagonal terms in the normal equations. The final shifts
were calculated using an approximation for the xz off-diagonal terms in
the complete matrix. These terms were assumed to be equal to cos@x times
the square root of the product of the corresponding x and z diagonal terms.
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Table lla

Anisotropic Temperature Factors

Atom | Diréctions

|| axis of ring ] axis of ring
Mn 0.360 o8 o8

)| airection of - ) direction of

bond bond

0, 0.407 0.507" 0.463%*
0 3Th 462 423
03 .368 k5 : JUU5
Cy 346 .36k 386
c, ke 364 o2
C3 329 .382 A417

|| tangent to ring ] plane of ring |\ radius of ring
Ring C* " 0.409 0.375 0.376

The values in this column are for a direction described by a line

| the Mn-C~0 bond and lying in the plane containing the Mn, C and O and
bisecting the opposite C-Mn-C angle.

*%
The values in this column are for a direction perpendicular to each

of the other two.

xex All five ring carbons were assumed to be equivalent and their

anisotropic temperature factors were averaged.
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Table 11b

Table of Anisotropic Temperature Factor Coefficients

P = g 039 s;nzee-(xJkH BA+ YL + SRR + AR+ nLR)
total A »
X B Y € 1) n
Mn -.0001 -.0001 .0000 .0000 -.0001 .0000
0, .0023 .0052 .0055 -.0001 .0025 .0001
0, .0029 .0066 0037 0064 .0030 .0033
05 .0041 .0095 .0015 .0000 L0042 .0000
¢, -.0002 -.000k .0012 -.0013 ~.0002 -.0007
c -.0003 -.0006 .0019 .0015 -.000k .0009
c3 .0028 .0025 . -.0007 .0000 .0028 .0000
c, .0012 .0033 .0015 .0008 000k -.0019
05 .0020 .0021 .0022 -.0012 .0033 -.0013
Cg .0018 .0026 .0010 .0017 .0008 -.0002
07 .0011 .0030 .0023 -.0011 .0020 -.0026
Cq .0024 .0018 .001k4 . 000k .0026 .0002

The values of the coefficients refer to the parameters

listed in Table 12.

0.359 sin® O = 0.0171 ne + 0.0407 K° + 0.0210 £ 2 + 0.0179 h A
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Table 12

Atomic Positional Parameters

After refinement using proJjections

X y Z

Mn - .290 +000 .263
0, 477 -295 .512
0 S .092 295 142
o§ .250 .000 .500
Cy 110 191 340
Co 162 .192 .185
c 263 .000 413
CZ .400 -.210 .248
c 360 -.090 «133
cZ 235 -.125 074
Cq 2197 -.250 .149
C8 306 =325 .258
R = 25.1

After first FO-FC synthesis

X y Z
Mn .290 .00k «265
0, A4T5 .294 378
0, .088 .293 JA42
05 .262 -.017 512
] L02 .185 <337
Co .165 175 .192
Cs 273 -.002 L22
Cy .398 -.211 243
C5 .353 -.097 .128
Cg 228 -.123 .065
c 197 =24k 143
cg .298 -.300 . .253

R = 20.0



Final parameters

I

15.6

L2877
479

264
<399
167
267
ik
357
227
.200
.301

Table

52-

12 (Cont'd)
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Table 13

Distances and Angles

Mn-06
Mn-C7~
Mn-Cg
Ch'C5
C5~Cg
06-07
€778
Cg~Cy

Ave, Mn~C
(Ring)

Ave, C~C
Ave, Mn~C

c-0

1.73
1.76
1.82
2.95
2.95
2.93
1.22
1.19
1.11

2.17
2.11
2.17
2.13
2.15
1.35
1.39
1.3k
1.3
1.5k

A

Mean

2,146

1.39
177

1.17

1
0

3

-

.022 A
.022
.022
017
017
017
027
027
027

.024
.02k

.024
.02k

.024
.035
0353
033

033
+033

deviation

.02}
.06

.033
.0k2

X C,-Mn-C,
X CoMn=-Cy
JLc -:Mn-c1
< Ol-Mn--O2
<4 02--:Mn-o3
40 -Mn-ol
4 Mn~C, -0;
4 Mn-C,~0,

< Mn=C,-05

= C)C5=Ce
g 05-06-0
J Cg=C,~Cg
4 C,Cg=C),
4 Cg=C),<C5
Total

.

91.3°
92.6°
93.5°
90.1°
91.7°
95,4°
179.0°
177.8°
174.8°

113.6°
104.9°
113.9°
105.1°
102,3°
539.8°




, \\_ \

Interatomic

Distances

Figure 1]




for all reflections is 15.6. For h+ k odd reflections R is 21.0 and for
h + k even reflections R is 14.3. The observed and calculated structure
factors are listed in the appendix.

Piper, et al. (19) propose that 05H'5Mn.(co)3 exists as a monomer,
in contrast t°~C5H5w(Co)6WC5H5 which is presumed to be a dimeric "double
decker sandwich". Shoemaker and Wilson (18) have recently shown that
C5H'5M0(CO)3 exists as a weakly-bonded dimer in the crystal with a Mo-Mo
distance of 3.22 A, The present investigation confirms Pipert!s hypothesis
for C5H5Mn(00)5: The molecule is a monomer. The shortest Mn-Mn distance
is 6.66 A,

The calculated angles indicate that the Mn(CO) 5 Part of the
molecule has nearly ij symmetry. The C5H5 ring 1s planar, the greatest
distance between a carbon atom and the best least~squares plane being
0.016 A, The average C~C distance in the ring is 1.391 A, with a mean
deviation of 0.06 A. The angle between the line joining the centroid of
the ring with the manganese atom and the line Jjoining the centroid of the
oxygen atoms with the manganese atom is 178.0°.

The intermolecular distances, illustrated in figs. 12 and 13,
are close to those calculated from the sum of the van der Waals radii of
the various atoms. Fig. 12 1s a projection of the contents of one unit
cell onto the ac plane while fig. 13, a projection along a, illustrates
the relation among molecules lying in a plane parallel to the bc plane.

The standard deviations in the atomic positions were calculated

from the least squares treatment using the relation (23)

2,
2 ZEwV |
o = _E::;;_— Dq
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where :Evlvz is the weighted sum of squares of the residuals,

8 - 1s the number of observations,

m is the number of variables,
Dq is the corresponding diagonal term in the normal

equation matrix.

The values of 6~ along the three axes for each atbm were averaged and
the standard deviations in the bond lengths were calculated as the square
root of the sums of the squares of the standard deviations in the posi-
tions of the atoms at the ends of the bond.

The difference Fourier synthesis indicates that the ring has a
large amplitude of rotatory motion about its axis and a smaller amplitude
of out of plane motion in a direction perpendicular to the Mn~C bond.
Therefore the temperature factors for the ring carbon atoms have g large
anisotropic component along a direction tangent to the ring. The indica-
tion is that the carbonyl groups have a greater amplitude of vibration
in directions perpendicular to the Mn-C~0 bond than in the direction
parallel to the Mn-C-0 bond.

For purposes of discussing the packing of the molecules, they
may be roughly approximated by spheres centered at (1/4, 1/4, 0),

(3/%, 1/%, 1/2), (1/%, 3/4, 1/2) and (3/4, 3/4, 0). If the origin is
moved to (1/4%, 1/4, 0), these coordinates become (0, 0, 0), (1/2, 0, 1/2),
(0, 1/2, 1/2) and (1/2, 1/2, 0) and the structure is face centered mono-
clinic. A face centered cubic structure (1.e., cubic closest packing)
may be described in terms of a face centered monoclinic unit cell, If

the three cubic axes are called a,, 85) 33, then the monoclinic axes may
P~ = NS



be taken as
a = a, + 1/2a_ + 1/2 a
¢ = -i;-rl/efg-;-l/a?é
b = 1/2 a, - 1/2 85
o~

o~

For this monoclinic description a = c, {3 = 109°28' and b/a = 0.58. 1In
the actual unit cell a= 1.10c, {3 = 117°48' and b/a= 0.59. Therefore
the packing of the cyclopentadienyl manganese tricarbonyl molecules ap-
proximates a distorted cubic closest packed array of spherical molecules,

Each oxygen atom is in van der Waals contact with six other
oxygen atoms in adJjacent molecules. However, 05 is in qontact with the
three oxygen atoms in another molecule while 0‘1 and O, are not in contact
with all three oxygen atoms of any other molecule.

The bond lengths in cyclopentadienyl manganese tricarbonyl are
discussed at the end of section IV along with the bond lengths in cyclo-

pentadienyl nickel nitrosyl.



60~

IV. An Electron Diffraction Investigation of

Cyclopentadienyl Nickel Nitrosyl
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Cyélopentadienyl nickel nitrosyl, C5H5N1NO (rig. 14), is a
dark red liquid prepared by treating nickelocene with nitric oxide (19).
It has a boiling point of h9°C at 27 mm (19) and therefore 1s suitable
for investigation by electron diffraction. A structure investigation
of this compound was initiated in the hope that the interatomic dis-
tances thus 6btained would give additional information about the elec-
tronic configuration of cyclopentadienyl metal compounds and their
derivatives;

The sample used in this investigation was prepared and supplied
by Professor Wilkinson. Diffraction pictures were taken on Kodak 50
plates under the following experimental conditions: 40 kv electrons
( A= 0.06234 A); camera distance 9.627 cm. The sample bulb was

heated to u5°c and exposures of from 2 sec. to 5 min. were made.

10
fn"

by the standard methods used in this Iaboratory (5) to give the radial

The visual data, which extend to q= $ =115, were analyzed
distribution curve (fig. 15). The fit between the final model (Model A
as refined by least squares) and the radial distribution curve is il-
lustrated. On both radial distribution curves' the 1.65 A peak (Ni-N) has
an outer shoulder. This feature appears to be the result of errors in the
visual interpretations.

The correlation method was employed with the radial distribution

curves used as a guide. Curves were calculated for both models with CSv

V.S. and A.B.



Figure 14
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symmetry and models with this symmetry destroyed by moving the oxygen atom
off the five-fold axis, The scale paramei:er was chosen as C~C and the
ratio C-H/C-C = 1,09/1.4% was assﬁmed. The hydrogen atoms were assumed
to be in the plane of the cyclopentadienyl ring. The effective value

1.25 wae used for ZH‘ All terms were included except H...H and O.,.H.

Parameters were varied over the following ranges:

2,12 A< Ni-C £ 2,164
1.60 A £ Ni-N £ 1.71 A
1.34< 80 & 1.20 A
< Ni-0 < 2.83 A
£ ey < 0.0025
The temperature factors for all other distances were kept constant through-‘
out the investigation and are listed in Table 14,

Of all the models calculated, curve A (fig. 15, Table 14) was
judged to have the best fit with the visual curves. This curve is based
on the asymmetric model®™ with <4 O-N-Ni equal to 158°7', However, curve B

(f1g. 15, Table 14) based on a model with C__ symmetry cannot be rejected.

5v
Maximum 6 was observed to be & shoulder on the inside of maximum
T which in itself was observed to be weak. The region around q = 75 was

difficult to estimate but was finally Jjudged to be a weak tripled maximum,

* a5y = 1/2(¢8 rif)- B rc_c">)

** Mo attempt was made to determine the relationship between the oxygen
atom and the ring because of the low weight of the O...C term,



Distances used in calculating models
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Table 1k4

Model A Model B

Dist. F Dist. 85
Ni-C 2,14 A 0.0023 2.14 A 0.0020
c-C 1. 0 1.h44 0
c-H 1.09 0.0015 1.09 0.0015
Ni-N 1.65 0.0018 1.65 0.0018
N=0 1.18 0 0 1.13 0
Ni-0 2,78 0.0018 2.78 0.0018
CuesC 2,33 0.,0010 2.33 0.0010
C..H 2,26 0.0031 2,26 0.0031
C...H 3,37 0.0052 - 3.37 0.0052
Ni...H 2.90 0.0052 2.90 0.0052
N...C 3,62 0.0042 3.62 0.0042
N...H 4,12 0.0064 L, 12 0.0064
0...C 4,68 (ave.) o.obhz 4,70 0.0042
O...H 5.10 o0 5.11 oo

4 0-N-Ni 158°7"
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Theoretical curves which have an uncomplicated feature here, or a feature
which, if present in the diffraction pattern, could be easily observed to
be different from what is drawn in the visual curve, were rejected. Mini-
mum 9 was observed to bevbroader than minimum 12, Curves A and B repre-
gent the observations satisfactorily.

The use of the ordinary correlation method for refining the
parameter values and estimating the limits of error did not seem advisable
in view of the large number of parameters involved. Instead, the method
of least squares was used (24).

The data to be used for the least squares treatment must be
taken as the actual visual estimations made from examinations of the
plates. These data cannot be read directly from a visual intensity curve
since in drawing a visual intensity curve a correlation cf the errors in
the observations is effectively accomplished. The plates were reexamined
(vy A.B.) in order to make quantitative comparisons for use in the least
squares treatment. In order to minimize correlations among the errors in
the observations, an effort was made to estimate three-fold comparisons
independent of the assoclated two-fold comparisons and vice versa. The
necessary partial derivatives were calculated using the curves drawn for
the correlation procedure, Features other than direct amplitﬁde com~
parisons (e.g., appearance of a "bump” on the outside of minimum 5, ap-
pearance of features at about ¢ = T5, etc.) were treated by estimating
quantitatively, from the theoretical curves, their deviation from ac-
ceptability. Relative welghts for individual observations were assigned
on thé basis of the estimated reliabilities of the observations. These

weights were chosen as the reciprocal of the square of the expected error.



The observations used and their relative weights are tabulated in Table
15. The ratios of the averages of the weighted squares of the residuals
for the two classes of observations (i.e. » positional messurements and

amplitude comparisons) for the two models are:
Ratio Model A Model B

Amp, /Pos. 1.23 1.20

A least squares refinement was made for both models A and B
using as parameters C-C, Ni-C, Ni-N, N-0, Ni-0 (model A only) and an
amplitude scale factor. The calculated shifts and their estimated standard

deviations are:

Model A
Parameter Shift 6
c-C -0.007 A 0.0037 A
Ni-C 0.003 0.0044
Ni-N ’ -0 . 001" 0 . 0115
Ni-O 0.004 0,0090
N-0 0.000 0.0088
Model B
Parameter shift o
C~C -0.004 A 0.0055 A
Ni-C 0,005 0.0039
Ni-N -0.011 0.0095

N-0 0,024 0.0085
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Table 15
Observations
Maxima Minima
*
Obs. Weight™™ Obs. Weight
2-1 10 5 45 17 9
3=2 15 5 5-6 50 3
43 46 6 5-8 16 3
45 25 9 8-6 L3 3
56 88 2 8-9 11 9
5-7 78 2 12-9 18 6
5«8 23 3 12-13 13 6
76 8 9
8-7 33 >
8~10 32 5
10-9 18 2
12-10 50 3
12-13 50 3
13-14 18 1
12-8 19 L '
1,3-2 12 12 5-4,6 26 22
2,43 7 8 4-5,2 26 15
1,4-3 29 15 5,8-6 45 3
4-3,5 L7 3 8-6,9 28 15
5-k,7 23 15 8,129 25 15
4,8-5 13 8 12-9,13 30 3
6,8-7 16 8
8-7,10 48 2
8,12-10 55 2
12-13,10 45 2

An amplitude scale factor was included as a parameter in the least
sguares treatment.

For model B the two-fold comparisons were included with Half the
listed weights because of the large value of the sum of the squares of the
residuals for this class of observations.

*ax Three~fold comparisons were made by estimating the amount that the
middle maximum (minimum) lies above or below a straight line Joining the
two end maxima (minima), The symbol 1,3-2 means that maximum 2 was ob~.
gserved to lie below the straight line Joining maxima 1 and 3 by the ob-
served amount., The symbol 4-3,5 indicates that maximum 4 was observed to
be higher than the average of maxima 3 and 5. For minima, e.g., the symbol
5-4,6 indicates that minimum 5 was observed to be deeper than the average

of minima 4 and 6.



69~

Table 15 (Cont'd)

Positional Measurements

Max. Min. V.S. Al.B. Ave, Weight
1 7.28 7.06 7.17 0
1 ‘ 11.84 11.94 11.89 0
2 15.62 15,50 15.56 0
2 18.58 17.93 18.26 0
3 19.51 20.05 19.78 0
3 20.89 22,81 21.85 0
L) 25.47 25,28 25.38 65
L 29.87 29.45 29,66 78
5 34,17 33453 33.85 10k
5 39.24 38,21 38.72 104
6 42,64 42,93 42,78 0
6 46 .43 46,01 46,22 0
7 48,70 48,70 - 0
7 50.85 51.53 | 51,19 o}
8 54,29 54,54 54,42 104
8 59.16 58 .1k 58.65 8
9 64.17 63.56 63.86 65
9 67.79 68.72 68.26 0
10 70.87 T70.87 0
10 Th.31 Th.31 0
11 76.30 76.30 0
11 79.31 79 .34 79.32 0
12 82.7h 82,26 82.50 65
12 88.17 86.53 87.35 104
13 92,66 93.08 92.87 39
13 98.31 98.31 0
14 100.87 100.87 0

14

15 108.60 108.60 13
15 115.95 114,54 115.24 13
a 27.43 27.3h 27.38 o]
36.13 35.87 36,00 0
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An additional contributior; to the standard deviations due to errors in
measuring the electron wave length and the camera distance was estimated

to be 0,002 A fork r = 1 A and was included in the treatment by assuming

2
(r.s.)

satisfactory approximation to the usual limit of error is 2 6(—"-). The

2
T n= + (-o.ooz)ere. Hamilton estimates (25) that a

final parameter values and their estimated limits of error are:

Model A
Parameter Value 2 O—ZT)
c~C 1.433 A 0.009 A
Ni-C 2,143 0.012
Ni-0 2,78k 0.021
N=0 1.180 0.018
4 Ni-N-0 159°57"
Model B
Parameter Value 207 (1)
c-C 1.436 A 0.012 A
Ni-C 2,145 0.012
Ni-N 1.639 - 0.020
N=0 1,15k 0.018

The calculated interatomic distances for the refined models are

tabulated in Table 16. The correlation matrices are: (Both matrices
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Table 16

Final Calculated Distances

Model A Model B

Dist. Dist.
c-c , | 1.433 A 1.436 A
Cc-H 1.09 | 1.09
CoesC 2,319 2,322
C..H 2.253 2.256
CuveH 5.373 3.377
Ni-C 2.143 S 2,145
Ni...H 2,905 2.907
Ni-N | 1.646 1.639
N.o.C 3.619 3.615
N...H 4,117 4,113
Ni...0 2,784 2.793
N-0 | 1.180 1.154
0...0 - 4.695 (ave.) 717
0...H 5.088 5.109

J 0-N-Ni 159957 180°




are symmetric about the main diagonal.)

Amp. S. F.

c-C

Ni-C
Ni~-N
Ni-O

N=0

Amp, S. F.

Cc-C
Ni<C
Ni-N

N=0

n

Model A
0,01 0.33
1 0.17
1
Model B
0.65 0.06
l "O ¢02
1

0.57
0.16

0.27

0.71

0.15

0.12

=0 . 20-\

‘0008

-002"6
"0027

"00)42

=0 055
-0.25

=0.59

t

-0.37 |

0.21
-0,16
-0.31

"’0.1)"

A preliminary report on an electron diffraction study of

nickelocene (16) gives the following parameters for a model with D5 sym-

metry: C=C = 1.43 A;

length in cyclopentadienyl nickel nitrosyl is consistent with the greater

Ni-C = 2.20 A,

stability of this compound.

The shorter (2.143 A) Ni-C bond
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Table 17 lists the values of the observed metal-carbon (carbonyl)
distances and carbon-oxygen distances for several metal carbonyls and
related compounds. The single bond radii of the metals (14) and the ob-
served shortening in the metal-carbon bond, i.e., the difference between
the sum of the single bond radii of the metal and carbon and the observed
metal-carbon bond length, are also tabulated. The carbon-oxygen distance
in carbon dioxide is given for comparison., Similarly, in Table 18 are
listed corresponding results for metal nitrosyl compounds. The nitrogen-
oxygen distance in several inorganic compounds is also listed.

In compounds which have both a carbonyl and nitrosyl group at=
tached to the metal atom, i.e., Fe(CO)e(NO) 5 and 00(00)3(»10), the observed
difference between the metal-carbon and metal-nitrogen distances is equal
to 0.07 A which is exactly equal to the difference in the‘single bond radil
of carbon and nitrogen (14), 0.7T7 A and 0.70 A. For this reason, it was
decided to treat the metal-carbon and metal-nitrogen bond distances to-
gether,

Fig. 16 is a graph of the observed shortening of the metal=-car-
bon and the metal-nitrogen distances plotted against the column in the
periodic table to which the metal belongs. The upper curve is for com-
pounds containing a cyclopentadienyl group while the lower curve is for
compounds which do not contain a cyeclopentadienyl group., A comparison of
the results for these two classes of compounds indicates that there. is
an extra shortening of about 0.10 A in the metal-carbon (nitrogen) bond
in cyclopentadienyl éarbonyl and cyclopentadienyl nitrosyl compounds over

the corresponding distagce in similar compounds not containing a cyclo-
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Table 17

Table of Distances in Metal Carbonyls and Related Compounds

Compound Metal~- Limit c-0 Limit Single- Shorten- Refer-
carbon of distance of bond ing of ence
distance error error vradius M-C
of bondl
metal
(14)
co, 115 A 0.02 A 26
Cr(CO)6 1.92 A 0.0 A 1.16 0.05 1,18 A 0,03 A 27
Mo(c0),¢ 2.06 O 1.1k .05 1,30 N 27,28
w(co)6 2.07 Ol 1.13 05 1,30 .00 27,28
Fe(co)5 1.8k .03 1,15 Ok 1,17 .10 27,28
m(co)LL 1.82 .03 1.15 02  1.15 .10 27,28
Fe(co)hﬂé 1.8hh .03 1.15 .05 1,17 .10 27,28
Fe(CO)a(NO)a 1.8k .02 1.15 .03  1.17 .10 27,28
Co(€O), B 1.83% .2 1.16 05 1.16 .10 27,28
Cd(CO)E(NO) 1.83 .02 1,14 .03 1,16 .10 27,28
CoEMn(cO) 5 1.77° 032 1.17 042 1,17 17 18
C5EMo(CO) 5 1.96  .022  1.17 .02° 1.30 10 29

1 R(1) metal + 0.77 = Doe.

2 0, not limit of error
5 Metal-carbonyl bond
N

Metal-carbonyl carbon bond is (0.05-0.08 A) shorter



-75 -

Table 18

Table of Distances in Metal Nitrosyls and Related Compounds

Compound Metal- Limit N=0O Limit Single- Shorten- Refer-

Nitrogen of distance of bond ing of ence
distance error error radius M-Nl
of bond
metal
(1)
NO,, 1.19 A 0,004 A 30
2
N0, 1.18 30
NO C1 1.14 0.04 | 27,28
NO Br ' 1.15 .0k 27,28
Fe(NO)z(CO)a 1.77TA 0.02A 1,12 03 1.17T A JOA 27,28
co(co)3(No) 1.76 .02 1.10 Oh 1,16 .10 27,28
L NO (A) 1.65 02 1.18 02 1,15 .20 29
C5ENi NO (B) 1.6k 02 1,15 02 1.15 .21 29

1
R(1) metal +0.70 =~ D

Not given
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pentadienyl group. The increase in the observed shortening, i.e., in-
crease in the double bond character, going from chromium to nickel, may
be explained by the fact that the relative number of d electrons, per
bond, available for 1 -bonding becomes greater as the atomic number
increases (31). |

The shortening of the metal-carbon (nitrogen) bond is accom-
panied by an increase in the length of the carbon (nitrogen)-oxygen bond.
(Since the results for Fe(C0),(NO), and Co(CO)j(NO) are for a linear
metal-nitrogen-oxygen bond, the results for C5H5N1N0 model B may afford
a more reasonable comparison than those for model A, In the investiga-
tions of the above compounds, the ef}ect of bending of the metal-nitrogen-
oxygen bond was not considered,)

Table 19 lists the observed values for the ﬁetal-carbon (ring)
and carbon-carbon distances in several cyclopentadienyl metal compounds,
The metal-carbon (ring) distances in the mixed cyclopentadienyl carbonyl
and cyclopentadienyl nitrosyl compounds are considerably lengthened
relative to the iron-carbon bond in ferrocene, which may be taken as a
standard for metal-cyclopentadienyl bonding. The indication is therefore
that the strengthening of the bonds to the carbpnyl and nitrosyl groups
is accomplished at the expense of weakening fhe bonding to the cyclopenta-
dienyl ring.

For almost all the metal compounds listed, the central metal
atom is surrounded by eighteen electrons if the following electron
contributions from the attached groups are assumed: C5H5, 5; CO, 2;

NO, 3; COH, 3., The only two exceptions are C5H5MO(CO)3 and C5H5N105E5
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Table 19

A Brief Summary of Results for Cyclopentadienyl

Metal Compounds

Compound* Metal~ c-C Method Refer-
carbon distance ence
distance
(ring)

Cy Fe Cy 2,064 A 1.440 A e.d. 29

Cy Fe Cy 2.03 1.43 e.d. 11

Cy Ni Cy 2,20 1.43 e.d. 16

Cy Ni NO 2,143 1.433 e.d. 29

Cy Fe Cy 2,045 1.403 X=ray 9d

Cy Mn.(co)5 2.146 1.390 ~ X-ray 29

Cy Mo(co)5 ‘ 2,345 1.416 '~ X=ray 18

55
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which have respectively seventeen and twenty electrons surrounding the

metal atom. However, C5H5MO(CO)5 forms a dimer in the crystal and

therefore has a stable configuration. Nickelocene is an extremely un-

stable compound, as suggested by the long (2.20 A) nickel-carbon dis-

tance.
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APPENDIX
Observed and Calculated Structure Factors for
Cyclopentadienyl Manganese Tricarbonyl*

Observed Reflections

,C lFobs\ ‘ Fcalc /Q ‘Fobs\ Fcalc
oo X | bo £
2 878 -1067 -12 170 186
3 223 -273 -10 150 ~1hk
4 388 320 -8 420 473
5 267 -269 -7 437 =381
6 385 -316 -6 610 ~758
T 194 201 ) 331 339
8 312 356 -k 578 596
9 186 -204 -3 339 =355
10 150 -184 -2 121 156
11 1 31 -1 117 ~113
12 81 87 0 489 588
, 1 618 ~787
2 52 4o
20 f 3 506 488
L 150 176
-12 154 -150 5 271 ~294
-11 65 2 7 206 219
-10 146 127 9 146 ~205
A
267 -
-7 166 128 604
=6 522 496
=4 1022 -1358 -12 243 -288
-3 720 819 -11 202 201
-2 829 976 -10 218 289
-1 562 -636 -9 129 ' ~103
0 1059 -1348 -8 308 -288
1 514 592 -7 433 L35
2 206 -206 -6 121 35
- T R S B
L b -k13 - -
5 ;is 561 -3 578 696
6 271 23k -2 295 340
7 295 -345 -1 481 -389
8 89 -102 0 250 -290
A S B -
-102 -
11 102 2 508 347

* All structure factors are multiplied by ten.
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Feale ,ﬁ ‘Fobs\
1204
340 -6 73
-182 -5 102
-h 142
-2 121
0 85
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170 01k
-238
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" L 174
591
210 5 504
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-268 0 368
-246 1 1055
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185 3 449
-221 I 295
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6 206
7 267
8 250
-119
156 10 65
108
-210

Fcalc

108
114
=205
194
-91

-403

205
~140
~346

133
53

~131
-26
90
182
~453
-69
617
128
=359
247
1068
=365
-1132
201
476
=297
..252
167
207
-269
103



-10
-1
5
L
-3
-1

N\ F O

R I Y

SCDO\\II-F'\NMI—‘O

‘Fobs‘

210
56

117
e
218
89
663
356
202
339
631
295
137
52

514

194
17k

541
235
610
106
372
279
112
631
331
435
239
312
170
223
223
102

v 14

69
106

263

Fcalc

78
-149
80
-282
-85
866
5Tk
199
351
632
=24l
134
.7h
-38

192
-152
-51
50k
-217
-579
(¥

-278
-769
616
311
=355
-176
271
126
-211
294
=106

102

-6l
-335

-82-

=3
-2
-1

-11

-8
=1

-2
-4
=3

-1

AFUVMNDO

-13
-12

\Fobs\

)

154
263
275
319
202
117
158

514

Y
194

93
380
408
460
L33
271
295
372

396 .
11
348
k2

61 4

125

95
210
210
198
202

146
40
714

52
97

Fcalc

17h

505
-282

207
-112
=135

-263
146
-69

-403
397
205

-410

-248
238
362

=325
311

-400
181

-140
=37
279
250

-269

-110
=15

-128
-63

-106
123



A

-11
-10

-7
-5
-4
-3
-1

N KO

-9

-7
-6

-12
-10

-7
-6

.t
-3
-2
-1

W N KO

\Fobs ‘

714

194
182
154
231
214
Lok
106
425
33

335
142

416
113

356
21k

113
97

89
()

914

146
194

Lk
21k

61
295
113
323
150
331

97
235
121
125
113

Fcalc

199
-172
-130

196

239
=399

400
-17
-3k
-215
449
=155
=343
257

23
126
-52
-78
-49

-151
201

-185
=59
23k
.85

-362
190
355
-36

=277
203
113

-120

-83-

RO\ EWN O

T~

-5
-

lFobs‘

101 4

T3
89
97

11 L

117
158

97
146
162
125
146
146
102
121

o1

93

182
368
106
121
T24
258
h12
137
194
133

97

85

12 4

81

61
117
214

calc

=20
92

110
=132

203
-223
145
189
-225
-116
9k
111
-154

157
-410
59
119
37
-291
=357
137
121
-153
-26
98



[ |
=~ DWW

[
OO\ FWMNKFHO

bbb

UL RO

'
OO\ FUUND O

271
77T

368
154
52
102
61

52

324

113
69
40

166

133

109

129
121
-410
=33
492
197
~30M
-118
-158
156
~1108
811
586
-148
-392
141

-169
164

151
60
-20
164
125
-102

~8li-

-12
-11
-10

-7

aouEw o bbby Eh &

-10

-7
5
i
-3
-2
-1

1

Fobs‘
32 L

526
174

Lo
113

13

117
102

61
158

69

1T
17k

calc

-619
1hk
-36

91
95
=95

195
.38
=152
239
~166
-215

601
516
-435

419

564
-670

=48

228

211
-281

-56

189

-127
63
-32

-186
=33
109
=11
-61

-198

52



WD

=12
-11
-10

;J\nxxbac>ﬁﬂdufrdwdklléDJD

-7
5
at
-3
-2
-1

=12
-11
=10

-8

IFobs‘

52 4

85
56

150

62 4

133
129

7

69
2715
331
258

250
465
331
113
529
291
129
109

102
97

102
214
106

89
194

82 4

117
190

69
17k
231

Fcalc

-118
87
59
-167

103

-46
-108
237
101
106
20k

108

| -192

-114
169
285

-85-

-

-
-3
-1

-10

-7
5
-3
-1

-11

=7

-5
-k
-3
-2

102 4

112 4

150
125

Fcalc

-276
=48
162
-25

-368
319

-215
107

..15
-8l
=53
60
-123

250
-154
.72
243
=73
-265
107
290

-125
-128

163
-27

-150
=175



5
-

O =3 VU1 &\ O

’Sm—qm\n:wmwo

&b

]Fobsl

122 4

102
I
125
97
102

15
380
I
182
85
[P
52
Ll

106
214
190

356
52
522
1170
655
170
420
239
392
158
385
275
299
21k
93

109
56

calc

142
87
=135
133
-141

-81
=350
-27
192

46
-12
6k

-154
205
19k

=343
280

-86-

545

-191
656
=137
=352
217
3WT
=153
-384
264
303
-243
-101

=141
26

(U I
~ON\NF OO KMPDWFU

J
[
(=

I N T R | 1
CD—JO\\H-F‘\N!\)HOI—'I\J\N-F’\I‘&\-\'I\!)

lFobsl

23 L

85
263
102

89
210

(]
206

137

L

129
81

33 4

186
223

158
437
271
Lhl
170
512
77
537
514
L5
400
182
235

17
125

L 3 /Q

102
85

166
239
239
I7h
190

calc

126
272
58
-113
-157
~35
-221
128
-T1
22
132
by

194
-172
392
-130
-492
300
460
-122
-402
418
492
-558
-476
428
17k
-221

122

111
119
-66

140

-234

-308
170
171



O\ &\ O

NI FEFUWNHO

-11
-10
-8
-7

=5
-}
-3
-2

0

YFob;\

b3 f)
52

93
97
Lo .

137

153
133
166
137
267
291
177
392
190
465
400
789
170
481

52
150

1>
150

63

65
89

61
(&
102
113
13
52
89
85

-87-

Fca.lc: £
1 -11
50 -10
119 -9
9 -8
-3k -7
-146 -5
-5
-l
-2
N¢)
-110 1
145 2
159 3
-111 n
-283 5
283 6
117
-380
-166
476
379 =10
-818 -9
-160 -8
L37 -7
14 -6
-164 0
52
158
-12
-10
-30 -9
=20 -8
65 =7
L7 -6
-102 -5
-116 -4
122 -3
102 -2
-19 =1
88

5T

‘Fobs\

(S

61
154

177
150
348
121
514
k33
327
73
73
>
109
>
102

83 L

56

113

61
102
102

93 4

113
194
69
250
61
388
65
o5l
1
T3
109
170
129
125
113

Fcale

86
-161
-6 3
117
129
=320
-126
528
=319
286
-10L
-87

128
-118
-130

-108
50
9

105

-10%
192

-254
-58
388
..)4,3

=24y
101

=47
-193
120
122
120



O\ @O~ O\t £ = O

=

=l

1
~ O\ EWH O N

\Fob;I

10 3,Q

109
109
3

HBX

162

102
129
109
109

102
121

97
109

04 }2

635
19k
312
113
27>
254
202
109

93

14 g
56

194
81
142
52
81
69 .
109

89

Fcalc

41
-104

-202
136
-103
-116
117
113
=142
-104
1hh
153
-162

673
-199
Bl
=121
-219
195
213
=111
-86

-88-

=10

b

| D I
oSG &Y

O AU FW O

\Fobs\

24 f

133

7
2h3

7
227
142
433
23
489

73

312
239
2k3
243
304
190
198
109 .

34 0

13
13
97
3
56
40
154
95
113
21k
125

by

109
137
254
109
186
275
279
572

Fealc

139
80
=231
=77
185
=135
-hky3
265
483
25
=435
350
170
-224
-22k4
303
175
-206
-101

103
35
-68
25
21
-27
172
-9
133

-228

101

116
=132
277
=37
-190
211
281

=335



L

-1

SO\ FWUN =0

-12
-1l
~10

-9

-7
-5
-i
-3
-1

-\ = O

]Fobs]

by g

283
287
335
489
133
231

194
81
150

54 0

40
65
69

56
17
190
198
113

48
65

64 {

109
117
109
117
206
194
1135 .
319
158
364
12
335
106
323
154
93

-89-

calc

-237
197
320

-428

~105
193

L1
=235
-26
167

-39
-56
15

68
=67
212

=202
121
-39
~Th
-59

-118

104
-90
-207
169
91
~312

- =176

374
117
..272
-122
326
179
-123

-10
-9

b
-3
~2

GJA b

84 f

129

137
89

291

81 -

339
106

198

177
117
182
129

94 ¢

77
106

109
97

1040

142

109
186
117
166

81

Fcalc

=39
42
-99
162
127
-170

33

-118

L9
-285
-15
345

-206
72
151
-110
=257
127

=71
20
126
=111

129
~-113
20
204
.76
-192
42



AN\

[ T |
FUMDHORWF

v = bd

-9
=7

\ngg

104 L

117
117
157
129
102.

o5 A

61
93

15 A

89
335
372

356
258
283
146

Ll
3

93
97
o1

35 4

157
210
162

90~

calc

82
=14
-92
150
132
-119

-63
11k
-38

.78
=325
280
-85
-343
248
305
=137

52

25
-T1
116
.98
=97

-159
187
-86

L

-4
-3
=2

]
ANFUWNO O

-2

F N O

=T
-
-2
-1

lF

obs‘v

35 4

186
30k
133
388
254
137
113

L
106
150

5 A

48

142
109
7

69

[F;
166

243

3
210
25k
194

158
125
166

5 L
73
56
52

146
61

calc

180
274
-124
=354
184
90

80
=187

41
=35
130
109

-8l
20

~-121
156
N

-220
100
212

-231

-186

ok
-70
103

51
L1
54
-160
-20



-11
=10
-1

=5
-k

L]
ONFWMNOKO é\(&)s

v EA

\Fobs\

75 4

13

125
106
170
154
227

166
166

85 £

1>
65

95 0

97

133
206

06 {

312
129
291
117

150

16§

97
93
106
162

917

Fcalc

71
-125
-111

147
158
-201
..76
116
=90

-85
-20

98
-62
1hdh

327
-158
-270

98

235

-139

91~

-8
=1

.t
-3
-2

1
NEWRHO -

‘Fobs\

26 (

117
61
190
(F]
250
137
299
2k3
166
150
109
97
81

560

93
93
142
206

(i

46 [

166

97
202
137
186
166
162
125
142
206
162

129

-48

66
-158
191
-92

201
-39
215
122
47
-139
-108
90
157
-171
130
-61
-138



2

-

=3
-1

=T
-1

lFobs\

564

106

13
93
115
97
81

117

66

97
166
121
117

157
170
263
223

76 L

52
(E;

86 ¢

102
142
166
170

96 4

ko

106 f

106

=92-

Fcalc

87

-101
86
-92
-66
147

-117
-154
112
117
.85
121
-201
219

45
83

82
-97
129

-146

9k

ViR

=7
-5
=3
-1

2

lFobsl

o7

146
65
65

170

93
166
198
250
186
162

27 ¢

1
102

89
113

37 4

142
186

56
190
198
121
158
109
157

b7 f)

102

52
97

Fcalc

bS]

31
=22

=95
155
-194
225
-148
110

-102
106
-87
-80

150
-203
71
159
=153
109
-160
-112
139

9k
..52
=53
=31



YFobsl

/Q calc /Q, \Fobsl Fcalc
57 4, 18

=1 117 =129 0 52 64

-6 97 83

-5 93 T3

i 150 -106 28 J

-2 186 182

-1 121 92 )

0 218 -219 g 112 _lgg
2 2h2 100 2 102 9L
671 4 ve A

-4 T3 =13

_ - -3 81 -85

2 65 3 -2 133 -119
0 93 {gg

08 f 1 89

2 T3 “55

4 65 88 68
3 106 107
-1 17 -78

Unobserved Reflections

Structure factors were calculated for 180 unobserved reflections.
Of these only 15 had calculated structure factors larger than the minimum

observable values.,
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Propositions

1. The formula used by Pauling and Wilson for manipulating

Hermite polynomials (1) is a special case of the more general formula

Y | __ 0 oL
S F(o(,€>> . - é(d'ﬁl\@}" F(“;P) o(go- A gpn

n n

Flo p)

=0

A sufficient condition for the validity of this formula is

B p)= Glr AR+ Hp) vere o‘{’gn H@ey=o

2. The McCabe-Thiele method for the calculation of the number
of theoretical stages in a distillation process (2) is based on the as-
sumpﬁion of no heat transfer from the column., I propose an extension of
this method which eliminates the necessity of this assumption, enabling
more accurate calculations for cases in which the operating line passes
close to the equilibrium curve or cases where the assumption of no heat
loss is invalid, e.g. small laboratory installations.

3. I propose a proof of the fact that the determinant of the
matrix of coefficients of a set of normal equations is always positive,
This may be considered as a generalized Schwarz' inequality since this
result reduces to Schwarz' inequality for the case of a two by two matrix.

4, The beam stops used with the layer line screens on the
Supper Weissenberg camers in these laboratories are of such large size as

to screen several low angle reflections. I propose that smaller beam
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stops be made to replace those presently in use.

5. Birmingham and Wilkinson poétulate a8 structure for the tri-
cyclopentadienides of the rare earth elements (3). Their structure is
unreasonable because of the large metal=-carbon distance which it neces-
sitates, Another structure which eliminates this objection is proposed.

6. I propose a set of experimental conditions which may be
useful in determining the nature of the effect of radioactivity on radio-
colloid formation, i.e., whether the radiation is necessary for the
formation of the radlocolloid or is merely an analytical tool.

T. I propose that, as an aid to visual interpretations of
electron diffraction plates, especially by inexperienced observers, the
poseibility of using positive prints from the negatives as well as the
negatives themselves be investigated.

8. A few time saving suggestlons for use with Swift's scheme
for elemental analysis are proposed.

9a. Cotton, et al. postulate that the structure of
CSH5W(CO)6WC5H5 is a "double decker sandwich" (4), with approximate sym-
metry mmm., I propose that the structure of this compound should be
analogous to that reported for C5H5M0(CO)3 (5).

b. The crystal structure of chromium dibenzene should provide
an interesting test of the effect of "sandwich bonding" on the C-C dis-
tance in the ring.

10. Sim has calculated the fraction of all the structure factors
whose signs are determined by a heavy atom as a function of the relative
scattering powers of the heavy atom and of the rest of the molecule (6).

(3
Since, in actual practice, only those reflections are used for which the
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heavy atom contribution is larger than some arbitrary valﬁe a more useful
calculation would be the fraction of structure factors whose signs are
determined by the heavy atom expressed also as a function of the minimum
heavy atom contribution used.

11. Some suggestions for the teaching of Chem. 1 are proposed.
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