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Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Submitted to Inorganic Chemistry . - UCRL-~16629

UNIVERSITY OF CALIFORNIA - .

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W~7hd5-eng~’48

N
THE CRYSTAL STRUCTURE OF (B C.H
. 92711

Allan Zalkin, Ted E. Hopkins, and David H. Templeton

JRe(C0),Cs .

January 1966‘_ :



UCRL-16629

_ CONTRIBUTION FROM THE LAWRENCL RADIATION: IABORATORY AND DEP@RTNENT OF CHEWISTRY,'

]

~ L L D T 2 g

e Crystal Structure of ﬁB C2H111 gggll~§l

BY ALLAN ZAIKIN, TED E. HOPKINS, AND DAVID H, TEMPLETON

The crystal structure of the cesium salt of nn(1)-2,3-dica}bollylrhenihm* X )

tricarbonyl,.(B9C2H11)Re(00)363,'has beén determined from an X-ray
diffraction study of a single crysbal shecimen. The monoclinic cell,
space group P2, /c, with a = 11,435 &, b = 9.516 A, ¢ = 12.730 A, and

B = 92.870 contains four formula units. The structure was determined

by straightforward crystallographic techniques, and the atomic parametefﬁff_'vﬁ,

of all but the hydrogen atoms were refined by a full-matrix least squarag “;"-f .
- procedure. Thg rhenium atom occupies ‘an apex position of an icosaheéroﬁ,.“'

containing bofon and carbon, and on the other side occupiéa the apex of Ve

a trigonal: pyramid whose basé:is three- carbonyls. In the icosahedron thejl

.

two carbon atoms are adjacent to each other and to: the- rhen;umo
I

Introduction

n-(1)-2,3—dicarbolLflrheniumtricarbonyl was synthesized by Hawthorne and‘fﬁ€f#‘
: Andrewsz. The structure work was undertaken to reaffirm the results of our ' .

previous study on the dicarbollyliron structureB, in CSH5Fe89CZH11¢ In that @ gy B

A S

Umvmsrrr oF CALIFORNIA, “BERKI:LEY, CALIFORNIA;" s

study there was considerable thermal motion of the cyclopentadieryl ring, and e g

to a lesser extent of the dicarbollyl portion, B902Hi1. This thermal motion,

evidenced by large thermal paramaters,dbos not. permlt the calculatlon of

:accurate bond dlstances. The B902h11Ro(CO) Cs cnystal does not suffer these *

thermal effects as badly, and the rcqultlng structure we believe to be a moref?

et PRV

accurate description of the dicarbollyl geomet.ry‘:;;a_,_1 '

e




‘second for the 117 reflection. The data were corrected for the Lorentz and

e o . L ﬁCRL-16629-' :

xhe present work confirms the geomstry of this compouad:.postulated

by Hawthorne and Andrewse. '

Experimental

NI Nr P s 0

Th}e crystals were sent to us by Dre M. F. Hawthorne of the Ri;rerside ‘

campus of the University of California. A small white crystal, ~0¢25 mm,

long and ~0.08 x ~0.08 mme in cross section, was glued to the end of a pyrex.. .
glass fiber. The long direction of the crysi;él was paréll‘él to the fiber, R

and is the direction of the b axis.. A Geneml Electric XRD-6 X-ray diffraction “

set up equipped with-a Molybdenum X-ray tube ( Mo Kal A= 0,70926 A ),
scintillation counter, a pulse height dlscmmmator—, and a quarter~circle
Eulerian=-cradle type goniostat was used, The X-ray tube was operated at K 'l‘

50 KV and 20 ma, and a Zr filter was used on the receiving slite. The

crystal was oriented such that the b axis was parallel to the b axis. The . o

cell dimensions were obtained from carefuily measured 28 ( 6 is the Bragg

I

angle ) values of the 0kO; h0O; and 00¢ reflections whose al and a2 components

were resolved. The B angle was measured dlrec’oly from the angle between : . v

the h00 and 00¢ set of reflections,

2u52 independent intensities were measured, of which_ljB were recorded .

as zero., A stationary crystal, stationary counter technique using a ten- .'

L el
PR

secord cournt for every reflection was useds The maximum 20-angle was 50_°_'

(sin@/N = 0.595)¢ The maximum observed 'raw intensity was 7800 counts per }

polarization effectss No corrections were, made for either absorption or,

extinctions
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Al of the computations were ﬁerformed on an IBM 70k ugﬁputor with

-2 a 32 K memory. Our’ unpublished least squares program mlnnmlges the function
Zw(ll‘ [~ IF D) /Esz where F_ and F, aro the cbserved and palculated :
structure factors, and w is the weighting factor. All of the reflectlons were’
given equal weight, The least squares program has been modified'tO‘hanéle ‘ff- ;:;
the anomalous dispersion, and these effects vere 1ncluded in the final set of‘ '

L

for neutral Re and Cs were cor= . ‘

556

rected for Af', the real part of the anomalous dispersion”®”, by the amounts

. reflncments. The atormic scattering factors

-1,3 and -0.5 electrons respectively. The imaginary components of the
anomalous dispersion Af", were in‘b'{'oduced into the least squares calculations
as +7.5 and +2.5 electrons respectively for Re and CSo. Scattering factors ’
for neutral oxygen, carboﬂ, boron and hydrogén were adopted as given in the tl

i

W
standard tables7. The anlsotroplc temperature factors used have the form

exp(pllh Bzzk p33_‘ 2312hk 26, ;he=28,, 'e).

_— . Results | L S - | o ‘

i S BIAL 00 NP PO P

N NerMNAS NN

Unit Cell and Space ggoug.-;Four formula units of (B9 ) 11)Re (CO) Cs ’ “ ;
"are contained in the monoclinic unit cell in space group P21/c. w1th dlmensions“g;":-,_ 5
a = 11,435 £ 0,010 &, b = 9.516 % 0,005 &, ¢ = 12.730 % 0,010 A o ) ; %
B = 92.87 % O..Obo. The erroz;s are estimateso The calculated X-ray dens:xty
is 257 g. /cc.,' The observed extinctions correspond. £6 the ‘space’ group  -""._}'.»‘~," ; ;

P2 /ce :The.space group is: centr:.c, and each of the atoms. ‘occup:.ee the bl 1

general four’ fold- posi‘b:xon... ( x,x,z, x,1/2-z,1/2+z ).

o e 0 e R 5 T
IR o ,::.‘v, R ._.,_ )
¢ “



factors, and after four cycles of refincment ylelded an R fector of 0.1&9

lvery little, but the thermal parameters became more oonsistent.

e ‘ ' UCRL-16629

. Deternination of the Structure.-The positions of the ngand Re were easily. . .

~~~ A

extracted from the three dimensional Patterson functlon. Thé%e heavy
(g.{ .\:'v'

atom positions were refined by least squares using 1sotrople temperature

B o
N

where R = EHFOI—chl I/E‘Foie Four more cycles using anisotropic

temperature factors reduced R to 0.,146. A difference Fourier was calculated

and the seventeen remaining atoms, excluding hydrogen, eppeered as the

seventeen largest peaka in the patterns. The parameters of the two heavy -

atoms with anlsotropic temperature factors, and the seventeen lighter atoms -

with isotropic temperature factors were refined by least squares for two cycles S

and R decreased to 0,066, Several blunders in punching the data onto the

- IBM cards and errors in setting the angles were recognized and corrected, .%l‘

1-
4

Two cycles with the corrected data yielded an R of 0,046, From g study of:l HI

~ the interatomic distances and the thermal parameters it was apparent that};:"f
4 ’ . o

A difference function was again calculated and the patterns were - "’fjﬂ.:“”7”

studied for hydrogen peaks. Among the 35 peaks whose observed electron

. density was greater than OQSS'electrone per 33 at ‘their peaks, 5 were

close to Re, 6 were close to Cs, 7 wero near the oxygen carbonyls, 10

+ were peaks in pos1tions that would be: suitable hydrogen atom locations, and
7 were peaks in the vicinity of the boron atoms which were either anlsotroples o ;;i‘.
or just spurlous. The hydrogen atom near B(lO) was not found. The ten v::;?Lf

'hydrogen atoms were included in the ensuing refinements w1th these poeitions

and an isotroplc temperature factor of h.o i 5 No attempt was made to 1;3‘

L

reflne the hydrogen paremeters.ﬂa jf*j 5qf’7

by '.. R} e . .. .
. R ¢4 - T L e 3
. s b

a boron and a carbon atom were interchangeds - This correction improved R . -0 . 7"

Sy

NI
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For the final set of refinements, all of the atoms W1tg the exception
of the hydrogens were given anisotropic thermal parameters,ﬁthe imaginary
part of the anomalous dispersion for Cs and Re was added, aﬁq 10 hydrogen
atoms were included but not refined. The final R factor wa% 0.042, The
largest43hift of any positional parameter was 0,00002 in the?very last
cycle, The final results are shcwn in Table I. Tablé II lists the observed
and calculated structure factoars., o j

Descrlgtion of Structure.~The B902H11Re(00) anion is "shown in Figure 1.
This structure was postulated by Hawthorne and Andrews aqq has been confirmed
by this work. The anion consists of the dicarbollide poréaan (B9 2 11) to -
which is bonded the rhenium tricarbonyl via n-bdndiﬁg to the rhenium atom;
the rhenium atom‘ocqupies the numberll position in a compleied icosahed;on |
involving the dic#rbollide portion. . A bottom view of the structure is showp Q
in Figure 2; +this ipows the orientation qf the three‘carbonyls to the
iCOSahedron.‘vIn the icosahedron the two‘carbon atoms are adjacent to each

other and the Re atome Lists of distances and angles are shown in Tables

‘mIamve ..o
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Atqm

Ca

icosahedron

Re ( 1)

(3)
(L
(5)

NG
(8)
(9
(10)
(11)
(12)

cWewkd W WaMEN W W B O O

cariuonyls

c(1)-co

c(2)=co,

c(3)=co
0(1)=-co
o(2)~co
0(3)=-co

| b |
 FIVAL POSITIONAL AND THERMAL PARAMETERS®IN CsBoC,H!:Re(C0), s

(2)
- =003L2
~(6)
" =0oLL9

} "Oo 295
=0,262

- =0,022

—fm | ~ UCRL-16629 -

' . TABIE I. | g !

s b )
4

)
¥l

B2} B3

1

= z &z m p2 B3
0,2766 0.1909 =0,0065
0,267 3. 2.6 2.0

0.1L06
0.356
0.232"
0,138
0,21
04358
oﬁhoh.

-0,1495
"'Oo 232

=0.327

0.2316
""002

0.2 0.0
0,279 2.6 2.3
0,36 2,3 1.9 2.8

2.2 0.5 0.7 0.3

~0.§a "0.2 "001 . 'A- '
0,075~ 2.8 - 2.2 2.6 ~0.1i
00])35 ‘ ‘. 303 : 2.2

0,269 2.8 3.6 2.2

-0, 248 0,04 0.3
0,176

"003 77

_ 203 ’ "092“-?“0‘2 0.3 o
: i o
1.0 0,0 -0.1 .

0,263 ~ 0,200 - 2.1 L0 2.7 0.71 0.6 =01 - 1

00 260 A"‘0. 7 |

2 |
0.393
0.183

| 0,425

~0.101 0.07L. . 2.5 :§3;3 3.0 03 0.1

0060 3.3 3.1 29 =02 0.8 1,0 - .
00180 . 306 . 209" 2.8 N lo.?. 0.2 l 006 o

03k 032 Th2 2l 0.8 70,0 0.0

b
s

“'00 ).122

“0.0l3 0,367 0.3L9 T 2.7 .28 346 - 0.5 0.3 0.2
0155 .2k 33 3.0 ok ok 08
0,275 ;fu:>-u.7' 2,9, 2.8 0.7 0.3 iio.zfiéf
0418 - b3 69 h..hc

0,02 3.6 5.0 3.6 1.5 0.7

0,092 .
"’00 ]68 -0.0he v
0,02 2.2 .

0,057

00193 is_u “201 ‘

0,065

. =0,187 =04362 0,300 U 7ok 2l Tel w0GL L 08" A
S ‘ ) R AP A RN
Th e e
4i._‘ l.
£

3677 Ue57 Le65 0,19 0,530 0,08 . - .7

1,88 2,08 0.4 0,18 0.0L . = = -

o3 T
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f St
T
Seast
—-2
1
=3
L

hyflrogens.g- ' \ Atom p.s Y 2
H (2) . =0.20 00 0,34 . H(7) =0.l0 0.6 0.3
H (3) ~0.36  0.20  0.36 H(8) =054 0,28 0,20
H (L)  =0.38 o_.oL 0.8 . H(9) . -06 0,20 0.2 -
H(9) -0,20 0,18 0,00 H (11) -0.26 0,60 0,20
H (6) =0.10  0.42  0.12 H (12)  -0.50 o.hﬁ 0.10

2 Units are A%, The anisotropic values Bij = hﬂul.a_zg_z where 31 is the ith
rociprocal cell length, '

- Stapdard deviations of the pbsitional paramaters of Cs and Re are 0,000l or
loéé; and 0.00i'or less';for all the other atoms excluding bydrogena. H-.
Sté’édard deviations of the thermal parameters are 0.0L or less for Cs and Re,
ang 0.7 or less for all’ the other tﬁtoms excluding hydrogens, .

s Hyd;fogen positional parameters are those from a difference Fourier and were
no;."; refined by least squares, H(10) was not found. The labelling is parallel
to the labelling in, the icosahedron, i.e. H(5) is the hydrogen to B(5).

*
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MUB-6462

Figure 1, = BgG,H,4Re (00)3- ion (hydrogens excluded).
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Figure 2, = Bottom view of BgCoHyy Re(CO)3 ion \hydrogons excluded)

showing the orlentatmon of the thres carbonyls to the icOsahedrona '
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Atom
Re( 1)

c(2) -

c (3)

B.(L)

B(5)

2 Estimated

TABLE IIi.

a
DISTANCES IN CsB902Re(CO)3.-

Atom Distance (R)
c(1)-co 1,90
c(2)=co 1.88
c(3)-co 1.90

c (2) 2.31
c(3) 2.31
B (L) 2.32
B(5) 235
B (6) . 2.35
c(3) 16

B (6) 1,71

B(7)  1.72
B Q1) L.72
B(L 1M
B ("7) 1.71
B (8) 1.7
B(S) = 1.7
B (8) 1,78
B (9) 1.77
B(6) 1,81
B(9) 1.80
B (10) 1.80

Atom
B (6)

B(T

B (8)

B(9)

. B (10)

B (11)
c(1)-co
c(2)-co
¢(3)-co
Cs

1}

UCRL-16629

Atom Distance ()

B (10)

"B (11)

B (8)
B (11)-
B (12):
B(9)
.B (12)
B: (10)
B (12)
B (11)
B (12)
B (12).
0(1)~co
0(2)-co
0(3)=co
0(1)=co
0(2)=co
0(3)-co

1,73
78
1,78

1,77

177

1.76

1,79

1.76

1.79

1,76

1,79

1.76

1.16 (1,208
1,36 (1.18)2
1,15 (1,19)2
3.20 2
3.16%
3,202

standard deviations on the distances involving Cs and Re is ~0.01 A;

all other distances have standard deviations of ~0.02 A.

b Corrected for thermal motion assuming the O rides on the C, This was the only

set where the thermal effect was larger than the estimated standard deviations,

S Nearest neighbors to the cesium ions. Each oxygen is from a different molecule.




Yerrd
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.d\g-lk\
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Atom

0(1)co ~c(1)co -Re (1)

Atom

Atom  Angle (°) Atom |
~c(3)
c(2)

. 0(2)c0 =C(2)CO =Re (1)

' 0(3)C0 =¢(3)CO =Re(1)

¢ (1)co =Re (1)

c(2)Co0 =Re (1)

c(3)C0 ~Re(1)

- c(2)
c(3)
5(L)
B(5)
3(6)
Re(1)
Re (1)
Re (1)

Re(1):

Re (1)

Re(1)
- Re(1)

Re (1)
“Re (1)
‘ Re (1)
“c(2)

- =Re (1)

~Re (1)

-Re (1)

-Re (1)
~Re (1)
-G (2)
~C (2)
-C(3)
-c(3)
~B (L)

~B (L)

~B(5)
-3 (5)
~B(6)
-B(6)

-B(7)

=B (L)

-Cc(2)co

-c(3)co"

-G (1)co
-c(3)
~B (L)
=B (5)
~B(6i :

"=C(2)

-c(3)
~B(6)
-c(2)

-c(3)
-B(5)
-B(L)

- -B(6)

-c(e)f |
-B(5)
-C(3)

175
178
176"

89
92
88
I

L3

£

TABLE TVe.

B(6)
B(7)

B
R B(7)
- ¢c(3)

c(2)
c(2)

c(3)

()

c(3)
c(2)

c(2)

B(5)

'73(8)
‘B(L)
B (6)

B(9)
B(S)
B(10)

-} B(8)

ANGIES IN B9CZH11Re(CO)3.,

Atom  Atom -Angle(0) A%;)m |
<@ -1 6 | B(1):
«(3) (M 6 | B
-c(2) -B(11) f7'263 B(7)"

@ -B@) 6 | BEO)
=C(3) B8 63 L B(l)
~C(3) .~ ~B(8) !‘f,62 |-, B(W
B B 59 |\ BG)
D6 a1 59 | B®
- =B(7) ~B(11) -~ 59 | B(10)
(1 -3@® - 58 | BG)
-B(8). -B() 59| BG)
-B(8) f ~B(?) 60 | B
B(11) -B(6) " .58 | B(9)
‘ -B(11)‘:-B(7).~f f 59 - ipB(ll)f
@) - e | )
B -BO) 59 | B
S -B(8)" " «B(9) 6o Q'B(lo);'
:;.B(s) }?-3(10) .?‘58\“ -‘3(7) T
B(S) -BGO) -9 | B
-B(6) i-B(lo)‘34t 61+"{: B(8)
-B (6) E;-s(ll)_ff;-éo}f le(9)f;
_fB(?)" foi?l;iii 66tf;é;B(IO)';

UCRL-

Atom
~B(7)
=B (8)

=B (8)
@
=B(9)
" =B(9) -
- =B(9)
=B (9)

~B(9)
-B(10)
-B (10)
-3 (10)
-B(10)
~B (10) -
-B(11)
-B(11) -
-B(11)
-B(12) -
-B(12)

ves(lz)f.

-3(12)~.
~-B(12) -

16629

Atom Angle

] e v

-B(12) 60
'=B(9) . éC
B2) 6

~B(12) . 61
-B(5) 55

-5(8) 6C

-3(10) = 60

~B(12) ' 6C

-B(12) = 6i

-B(g) 62

~B(9) 61

-B(11) = 61

-B(12) 6

8(12) " 6C

-B(10) " - 55

~B (12) | ‘60

B(12) -~ &

-B(8). : 60

-B(11) - 60

B(9) . ' 59

-B(10) [ 5

1) 59



e T WA | Wb, Ko K b AN O IO, Sl . i AR SRS TP A AR AR . A E I

e : o UCRL-16629

The thermal'motion of the atoms in the icosahedrén inﬂthisAstructure -
is less than for comparable atoms in the CSH5F002B9H11 structureB, and |
thercfore wo consider the resulting bond distances an. 1mprqvement over -
‘the previous ones. In BgC 2H11Re(CO)3 the average value of 18 B~B
.bonds, 1.78 A, is 0.03 A larger; the average of the 6 C =~ B bonds, 1. 72A
is o,oﬂ A larger; and the C = C bond, 1.61 i, is 0.03 A larger than the
comparable values in the CSHSFeC2B9gll structureB.» Such i?creases are
expected since large motions causes the‘obseryod distance go be shorter -7'
than the true average value. _i

In the carbonyl. portion of the ion, the Re to C to 6llinkages éré
almost linear with a slight bend of a few degrees in an outward direction -

?way from the axis ot the moleculec. AL the Re atom’ the three carbonyl h

6 : , R

}barbons make very nearly right angles with respect to each other. This
:ﬁvtrlcarbonyl structure is quite similar to that reported in hexamethylbenzene— i‘
f} chromium trlcarbonyl, thiophenechromiumn trlcarbonyl, and benzenechromlum "}J

| trlcarbonyla. The carbonyl oxygens are appareh@ly free to flop around |
: somewhat as their thermal parameters are larger than the carbons to which :
1 they are attachéd. "In Table III we have 1ncluded the thermally adjusted 7 £;5;“””
values for the C = 0 bond distances° These three bonds were the only f_; L
bonds in the structure where the correction due to thermal motion was_?::é
larger than the estimated standard dev1at10nio£ the‘bond length, - ‘The - |

. thermal correction is based on a calculation that assumes the okygens

g rs

are Mriding" on the carbons, ~ - i 0 b Lio TN b i et

S
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The cesium ion has as its clo..eut neis hum 3 ab 362 A, chrec oxygen

A'\

atoms of tnree syrmmetry unrelated caroomrlo from throo dlfferent anions.

> .‘..

The hydrogen atoms were poorly resolved in this struct\g;ge determinations

One hydrogen atomy H(10), was not resolved at all in the difference 'func'hio'n.l'-_""-'; ”

’ ' i
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