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The crystal and molecular structure of nitridodichlorotris{diethylphenylphosphine)rhenium(V), ReNCl[P(CoH;):CeHls,

has been determined {rom three-dimensional X-ray data collected by counter methods.

The structure has been refined by

least-squares techniques down to a final R factor of 5.19%, on F. The material crystallizes in space group Cop3-P2;/c of the

monoclinic system, with four molecules in a cell of dimensions ¢ = 18.67, b = 11.51, ¢ = 1819 A; g = 122°34’,
The inner coordination around Re is octahedral.

dividual molecular units are well separated.

Thein-
If the three P atoms and

one Cl atom are taken to define an equatorial plane, then N and the other Cl are above and below this plane, respectively.
The octahedral configuration is somewhat distorted. Multiple bonding between the Re and N atoms is suggested by several
features of the molecular structure: (1) the Re-N distance is 1.778 &= 0.011 A; (2) there is some over-all lengthening of the
equatorial distances (Re-Cl = 2.454 = 0.004 A; Re-P = 2.442 =+ 0.004, 2.469 = 0.005, 2.490 £ 0.005 A); (3) the Re-Cl

distance of 2,563 = 0.004 A trans to N is exceedingly long.

Introduction

Chatt and co-workers'? have recently described the
preparation and characterization of a number of com-
pounds which contain multiple bonds between nitrogen
and rhenium. These compounds are of three types:
R6X3(NAI‘) (PRs)g, ReNX2(PR3)3, and ReNXg(PRs)Q
(X = halogen, Ar = aryl, R = alkyl or aryl). Of
these, the latter two types are of particular interest,
being new members of the small group of compounds
which contain a nitrogen atom bonded only to a transi-
tion metal. These nitrido complexes are of structural
interest for two reasons: first, there is no definitive in-
formation on metal-nitrogen multiple bonds; second,
these compounds provide the opportunity to study the
stereochemical relationships between very similar. six-
and five-coordinated structures, where the formal oxi-
dation state of the metal remains the same [Re(V)].
It is our contention that through such studies really
useful information is provided to the theoretical chem-
ist whose task it is to understand the relative impor-
tance of those factors which affect the stereochemistry of
transition metal complexes. A third reason that these
compounds are of structural interest has arisen during
the course of these studies. There have now been two
reports of transition metal complexes containing
molecular nitrogen.®* The metal-nitrogen bond dis-
tances obtained in the present studies, together with
those known in such complexes as the ammines of tran-
sition metals, should enable an estimate to be made of
the degree of multiple bonding in metal-nitrogen sys-
tems, when a system suitable for structural study is
discovered. For these reasons we also will extend our
studies of metal-nitrogen multiple bonds to include
the arylimido complexes of the type ReX;(NAr)-
(PRy)s.

{1) J. Chatt and G. A. Rowe, J. Chem. Soc., 4019 (1962).

(2) J. Chatt, J. D. Garforth, N. P. Johnson, and G. A. Rowe, 7bid., 1012
(1964).

(3) A. D. Allen and C. V. Senoff, Chem. Commun., 621 (1965).
(4) J. P. Collman and J. W. XKang, J. 4m. Chem. Soc.,.88, 3459 (1966).

Indeed, if one is to provide useful information on the
interrelationships of these various compounds, then
highly accurate structures are essential. Consider, for
example, the related problem of multiple bonding be-
tween thenium and oxygen. In three such studies
[ReOClg(P(C2H5)2C6H5)2,5 ((C2H5)4N) (ReBmO(HgO)),G
and -((CeH;).As)(ReBr,O(CH;CN))?] the Re-O bond
lengths vary between 1.60 and 1.73 A. However, the
estimated standard deviations on these bond lengths
range from 0.04 to 0.06 A. Thus, nothing meaningful
can be said about the variations in the Re-O bond
length from one compound to the next. This paper
and the following one report structures in which the
estimated standard deviation of the metal-nitrogen
distance is 0.01 A. The over-all quality of the deter-
mination is better, by perhaps a factor of 2, thran we have
achieved previously using film methods. These deter-
minations presumably owe their high accuracy to
several factors: (1) the use of scintillation counter data,
(2) the multiple observation of each reflection through
its equivalent forms, and (3) the careful handling of
the absorption problem.

This paper is concerned with the structure of the
compound ReNCly(P(CyH;),CsHs)s, nitridodichlorotris-
(diethylphenylphosphine)rhenium(V). The following
paper discusses the structure of ReNCL(P(CsHs)s):
and the interrelationships between these two struc-
tures.

Collection and Reduction of the Intensity Data

Crystals of ReNChL(P(C:H;)2CsHs)s were prepared by
Miss R. J. Paske and generously supplied by Professor
J. Chatt. Optical and preliminary X-ray examination
of the yellow, well-formed crystals confirmed the mono-
clinic symmetry reported by Chatt, et ¢l.2. The lattice
constants, obtained by the least-squares procedure
described below, are: a = 18.669 £ 0.004, b = 11.514

(5) H. W. W. Ehrlich and P. G. Owston, J. Chem. Soc., 4368 (1963).

(8) F. A. Cotton and 8. J. Lippard, Tnorg. Chem., 4, 1621 (1965).
(7) F. A. Cotton and S. J. Lippard, ibid., b, 416 (1966).
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= 0.002, ¢ = 18186 = 0.004 A; 8 = 122° 34" = 1’
(t 28°, AM(Cu Kai) 1.5405 A). The cell reported by
Chatt, et al.,? has the same b and ¢ axes as this cell,
but has an ¢ axis defined in terms of our cell as a +
¢/2. Their cell is thus not a complete unit cell, but
rather is half of a B-centered cell which has an @ axis
twice as long as their reported a. The systematic
absences of 0k0 for & odd and /0! for / odd observed on a
series of precession and Weissenberg photographs
strongly suggest that the space group is Cu’-P2i/c.
The calculated density of 1.55 g/cm? for four molecules
in the unit cell agrees well with the reported density?
of 1.56 g/cm.®? Thus, no crystallographic symmetry
conditions need be imposed on the molecule.

Diffraction data were collected fromi a nearly spherical
crystal of average diameter 0.20 mm. The crystal was
mounted on a glass fiber about an axis normal to the
(017) planes, and in this orientation intensity data were
collected on a Picker four-circle automatic X-ray dif-
fractometer., The linear absorption coefficient u of
the compound for Cu Ka is 99.7 cm—*; for Mo Ka it is
423 em~!. Thus the use of Cu Ko radiation does not
seriously worsen the absorption problem. We chose to
use Cu Ke radiation because: (1) we felt that the large
unit cell in conjunction with Mo Ke radiation might
possibly present a problem of overlapping data, espe-
cially if the balanced filter technique were used; (2) we
felt that if only a 3 filter were to be eniployed, then the
data set would probably be more reliable if Cu K« rather
than Mo Ko radiation were employed. This is in
keeping with general experience that proper correction
for background is more difficult with Mo Kea than with
Cu Ke radiation,

Alignment of the diffractometer was achieved through
the use of the crystal of ReNCL(P(CoH;)2CeH;)s.  This
crystal was ideal for the purpose because of its small,
spherical shape, because of its good scattering properties
for Cu K, and because of the large unit cell size. The
crystal was used as a probe for both the source and the
counter and each of these had satisfactory forms. The
mosaicity of the crystal, as judged by the narrow-source,
open-counter w scan through several strong reflections,
was satisfyingly low.® After alignment of the dif-
fractometer, 20 reflections from the crystal were ac-
curately centered through a very narrow vertical slit
at a take-off angle of 0.5°. These observations formed
the basis for the least-squares refinement of cell param-
eters and orientation. The refinement was effected in
our program PICK for the CDC 3400 computer. The
essential logic of this program is based on MODE 1,
written by W. C. Hamilton. The cell parameters
derived by this process should be looked upon as in-
strumental cell parameters, as they may be affected by
systematic errors arising from imperfections in the
diffractometer, from alignment errors, and from crystal-
centering errors. Nevertheless, their accuracy is suf-
ficiently high to leave the derived bond distances unaf-
fected.

(8) T. C. Furnas, “Single Crystal Orienter Instruction Manual,” General
Electric Co., Milwaukee, Wis., 1957.

Inorganic Chemistry

Intensity data were collected at a take-off angle of
1.3°. At this angle, the peak intensity of a typical
strong reflection is 709, of the maximum value as a
function of take-off angle. The use of a small take-off
angle, while decreasing the integrated count, does
ensure adequate resolution and a smaller scan range.
The receiving aperture size selected to minimize ex-
traneous background was 5.7 mm wide by 4.0 mm high.
The aperture was positioned 21 cm from the crystal.
The data were collected by the 6-26 scan technique at a
scan rate of 2.0°/min. The scan range for all reflec-
tions was 1.85° in 26, from —0.90 to +0.95° from the
calculated 26 value. All scans were recorded on a chart
recorder; this provided visual evidence for proper
peak shape, reflection centering in 26, and nonoverlap
of adjacent reflections. Stationary counter background
counts of 10 sec were taken at each end of the scan
range. Under these conditions approximately 30 re-
flections could be scanned per hour. The Cu Ka beam
was filtered through 1.0-mil Ni foil after diffraction
from the crystal. The Picker system automatically
inserts attenuators if the intensity of the diffracted beam
exceeds about 7000 counts/sec during the scan. Copper
foils were used as attenuators, the thickness being
chosen to give attenuator factors of approximately 2.5.
The pulse height analyzer was set for approximately a
909 window, centered on the Cu Kea peak.

As a check on electronic and crystal stability during
the period of data collection, the intensities of three
standard reflections were measured periodically. No
systematic drift in these standards was observed. Asa
further check on electronic and crystal stability and in
order to ensure a better data set, all four equivalent
forms of this centrosymmetric monoclinic crystal
(hkl, hkl, hkl, and &kl) were measured. Since the pro-
gram PICK orders the reflections in an attempt to mini-
mize slewing times of the drive motors, the given
equivalent forms of a reflection typically were collected
at widely varying times during the period of data
collection. A total of 6866 inteusities were measured
within the sphere 6(Cu Key) < 38.25°. (Past this
point only a small fraction of the intensities was sig-
nificantly above background.)

All data processing was carried out with the program
PICKOUT, written by R. J. D. The data were first cor-
rected for background; here it is assumed that the
background can be approximated by a straight line
between the two measured background points. The
corrected intensities were next assigned standard devia-
tions according to the formula

o(I) = [CT + 0.25(t/ts)2(B1 + Bs) + (pI)?]”

where C7 is the total integrated peak count obtained
in a scan of time &, By and B; are the background counts
each obtained in time #, and I = CT — 0.5(t/t)-
(B1 + B;). The value of p was selected as 0.03. The
inclusion of the last term?® in the expression for ¢(/)
may be considered an ‘‘ignorance’ factor. We are,
in fact, ignorant of exactly what effects are operating
(9) W.R. Busing and H. A. Levy, J. Chewmn. Phys., 26, 563 (1957).
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to cause variations in intensity between, for example,
hkl and hkl in a centrosymmetric nonabsorbing crystal,
but it is known that such variations do occur. Presum-
ably all nonisotropic effects, including extinction, will
contribute to such variations. This term in the expres-
sion is necessary if one is to prevent ridiculously high
weight being given to strong reflections. The value for
p of 0.03 was a guess on our part. The final value of
the standard deviation of an observation of unit weight
(1.53) indicates that a value of p of 0.04-0.05 would
have been preferable. The values of I and ¢(I) were
next corrected for Lorentz-polarization effects and for
absorption. The absorption correction was based
on an average calculated value of uR of 1.00. The
equivalent forms were then sorted together and the
individual values of F? the square of the structure
amplitude, were averaged. The standard deviation
of F2, o(F?), was taken either as the average of the
individual standard deviations of the equivalent forms
or as a value estimated from the range of the F? values
of the equivalent forms, whichever was larger. When
the range estimate exceeded the average estimate by
more than a factor of 2.0, the individual measurements
were reexamined for possible setting errors of the dif-
fractometer. Only a few such cases were found through-
out the 6866 measurements. The total number of inde-
pendent reflections thus obtained was 1792, Of these,
243 were less than their standard deviations.

At least one source of systematic error is apparent
on examination of the agreement between the F? values
of the equivalent forms. The forms k&l and hEl agree
better with their negative forms than they do with one
another. Presumably this is because the crystal was
not a perfect sphere. There is perhaps a 109, differ-
ence between minimum and maximum radii; in the
extreme case this could result in a 109}, variation in F2
In general the variation between F? of hkl and F? of hkl
was considerably less than 109,

Solution and Refinement of the Structure

Initial values for all atomic coordinates were ob-
tained by the usual Patterson and Fourier techniques.!
The position of the Re atom was determined from the
Patterson {unction; a subsequent difference Fourier
led to positions for the P, Cl, and N atoms; a second
difference Fourier, based on refined positions for these
heavy atoms, led to the positions of all the remaining
nonhydrogen atoms and enabled us to distinguish P
from Cl on the basis of coordination geometry. Initial
least-squares refinements were carried out on F, rather
than on F?; that is, the function E'w(!Fof — Fel)2 was
minimized where [ Fof is the observed structure ampli-
tude, ch’ the calculated structure amplitude, and
where the weights w were taken as 4F2/¢2(F?). In all
calculations of F,, the atomic scattering factors tabu-
lated by Ibers!* were used for P, Cl, C, N, and H and

(10) In addition to the various local programs for the CDC 3400 described
in the text, the programs used in this work were local modifications of Zalkin’s
FORDAP Fourier program and of the Busing-Levy ORFEE error function
program,

(11) J. A. Ibers, “‘International Tables for X-Ray Crystallography,” Vol.
3, The Kynoch Press, Birmingham, England, 1962, Table 3.3.1A.
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those of Cromer and Waber!? for Re. The effects of
anomalous dispersion were included in F.;'* the values
of f* and f”' for Re, Cl, and P were those given by
Cromer.'*

Initially all atoms were assigned variable isotropic
thermal parameters and after three cycles of refinement
of the 149 variables (scale factor plus three positional
and one thermal parameter per atom) the usual dis-
crepancy factors B, = ZHF0 — }Fe /Z}Fo and R, (or
weighted R factor) = (Zw(lFo’ — [Fc )2/ ZwF,2)"* were
6.5 and 7.39, respectively. Two further cycles in
which the rhenium atom was assigned variable anisotro-
pic thermal parameters lowered R; and R, to 5.1 and
6.09%. A difference Fourier at this point showed some
signs of anisotropic thermal motion of the phosphorus
and chlorine atoms. In line with our previous conten-
tion!® that it is desirable to put information into the
least-squares model that is known with greater accuracy
than can be determined from the observations and
also in order to save computer time and storage, en-
suing refinements were carried out with the phenyl
groups restricted to their well-known geometry (Den
symmetry, C-C = 1.392 A). These calculations were
performed in the program NUGLs, which is an amalgama-
tion of the programs JjoLs® of J. A. I. written at Brook-
haven National Laboratory and of orrLsD of R. J. D.16
written at the University of Wisconsin. The program
NUGLS uses the same coordinate system described pre-
viously;*® it differs from joLs principally in the use of
exact expressions for the derivatives and in the option
to vary separately the isotropic thermal parameters of
each atom in the rigid group. In order to permit com-
parison of the group model for the phenyl rings with the
individual atom model, the first two cycles of the group
refinement were carried out with isotropic thermal
parameters for all atoms. Comparison of the weighted
R factor of 7.69, thus obtained with that of 7.3%, from
the individual refinement indicates! that the individual
model is significantly better than the group model
This statistical test is based on the premise that there
are only random errors in the data. It seems to us more
reasonable to conclude that there are residual sys-
tematic errors in the data that invalidate the statistical
test, rather than conclude that the phenyl rings are
significantly distorted. A cycle of group refinement
in which anisotropic thermal parameters were assigned
to the Re, Cl, and P atoms reduced the R factors to 5.4
and 5.99%. Next the C-H distance in the phenyl
group was assumed to be 1.08 A, and the phenyl hydro-
gen atoms were included in the calculations as fixed
contributions to F,; the resultant R factors were 5.1
and 5.7%,, respectively. Reliable positions for the
ethyl hydrogen atoms could not be obtained from differ-
ence maps and so contributions to F, from these atoms
were ignored. A refinement on F, based on the weights

(12) D.T. Cromer and J. T. Waber, Acta Cryst., 18, 104 (1965),

(13) J. A. Ibers and W, C, Hamilton, bid., 1T, 781 (1964).

(14) D. T. Cromer, 4bid., 18, 17 (1965).

(15) S.J. La Placa and J. A. Ibers, bid., 18, 511 (1965).

(18) R.J. Doedensand L. F, Dahl, J. Am. Chem. Soc., 88, 4847 (1966).
(17) W. C. Hamilton, Acta Crysi., 18, 502 (1965).



200 P. W. R. CorrIELD, R. J. DOEDENS, aND J. A. IBERS Inorganic Chemistry

TaBLe 1
PosttionaL, THERMAL, AND GROUP PARAMETERS FOR ReNClL(P(CoH,).CoH;);
Atom x y P4 Bu®or B, A? Bas Bas B2 Bis B2

Re 0.22715 (5)b 0.04334 (7) 0.14000 (6)  0.00488 (5)  0.00932 (10) 0.00324 (6) 0.00074 (8) 0.00334 (3)  —0.00005 (5)

Ccl 0.1985 (3) 0.0389 (4) 0.2568 (3):  0.0070 (3) 0.0155 (6) 0.0064 (3) 0.0016 (4) 0.0048 (3) 0.0002 (4)

Cl 0.3599 (3) 0.1584 (4) 0. 2504 (3) 0.0056 (3) 0.0119 (3) 0.0062 (3) 0.0001 (3) 0.0028 (2) —0.0013 (3)

P1 0.3071 (3) —0.1401 (4) 0.2063 (3) 0.0062 (3) 0.0084 (5) 0.0062 (3) 0.0000 (3) 0.0044 (3) 0.0005 (3)

P: 0.2853 (8) 0.0812 (4) 0.0500 (3) 0.0042 (2) 0.0072 (5) 0.0052 (3) 0.0000 (3) 0.0029 (2) —0.0006 (3)

P: 0.1419 (3) 0.2234 (4) 0.0920 (3) 0.0045 (2) 0.0007 (5) 0.0052 (3) 0.0005 (3) 0.0030 (2) —0.0008 (3)

N 0.1360 (7) —0.0347 (10) 0.0579 (7) 4.0(3)

PIEC® 0.4156 (9) —0.1354 (14) 0.3058 (10) 4.6 (4)

PIEIC: 0.4139 (10)  —0.0857 (16) 0.3856 (11) 6.8 (5)

PLE:C) 0.2377 (12)  —0.2279 (18) 0.2332 (13) 8.7 (6)

P1E:Cy 0,2734 (15)  —0.3394 (23) 0.2642 (16) 12.7 (8)

P:EiC: 0.3222 (9) 0.2354 (14) 0.0581 (10) 4.9 (4)

P:EIC. 0.3570 (10) 0.2615(15) —0.0023(11) 6.0 (4)

P:E2Cy 0.2100 (9) 0.0716 (13)  —0.0706 (10) 4.2 (4)

PaE2Co 0.1597 (10) —0.0460 (153) —0.1052(11) 6.3 (5)

P:EC) 0.1962 (9) 0.3596 (14) 0.1491 (10) 5.6 (4

P3EiCe 0.2180 (10) 0.8590 (15) 0.2457 (11) 6.4 (5)

PsE2Cy 0.0479 (10) 0.2119 (15) 0.1036 (10) 5.9 (4)

PsE:Co —0.0058 (10) 0.3277 (15) 0.0732 (11) 6.2 (5)

Group x4 Yo zc 8 ¢ 7 By, A? By A? By A® By A B, Al Bs, A?
PiR:  0.3199(5) —0.3195(6) 0.0779 (3) —1.835(7T) —3.027(7) ~0.849(6) 4.8(4) 6.0(4) 6.1(4) 6.34) 6.0(4) 5.4(4)
P:R:  0.4554 (4) —0.0338(6) 0.0916 (5) 2.247 (11) 2.224(6) —2.641(11) 4.2(4) 5.2(4) 3.3(4) 5.4(H) 5.7(4) 4.9(4)
P:R,  0.0515 (4) 0.2729 (7) —0.1122 (5) 2.564 (6) —3.009(7) —1.112(6) 4.1(%) 5.04) 6.4(5) 6.8(3) 6.6(3) 5.4(4)

¢ The form of the anisotropic thermal ellipsoid is exp[ — (8142 + Bnk? 4 Bwl? 4+ 281hk + 283k + 2 BxkD)]. ® Numbers in parenthe-
ses here and in succeeding tables are estimated standard deviations in the least significant digits. ¢ P,E;C; is carbon atom 1 on ethyl
group 1 attached to phosphorus 1, etc. PR, is the phenyl ring attached to phosphorus 1. ¢ x,, v,, and 2, are the fractional coordinates
of the ring centers. The angles §, ¢, and » (in radians) which bring about alignment (except for translation) of an internal coordinate
system within the ring with a fixed external coordinate system have been defined in previous papers: see ref 15; R. Eisenberg and J. A.

1bers, Inorg. Chem., 4, 773 (1965).
is attached to P; Cs.is para to Cy.

described previously, differs from a refinement on F?,
with weights taken as 1/¢2(F?), insofar as F, is not

B; is the isotropic thermal parameter of atom 7 in a given ring.

The rings are numbered so that C,;

TABLE II
DERIVED PARAMETERS FOR GROUP CARBON ATOMS

identical with F.. It seems to us that this latter refine- x y 2
ment procedure is to be preferred, if only because the /2 _ PRy )
values are more closely related to the observables than g: ggiég Egga :ggggé ((i))) 83?220 g?
are the F values. Accordingly, in a final round of C, 0.2454 (8) —0.3511 (10) 0.0006 (6)
calculations the quantity minimized was Zw(F,2 — C, 0.3226 (8) —0.4000 (9) 0.0223 (7)
F.2)? with w taken as 1/¢%(F?). In this final cycle only Cs 0.3971 (8) —0.3685 (10) 0.0996 (8)
four positional parameters and the scale factor shifted Cs 0.3944 (6) —0.2880 (10) 0.1552 (6)
by more than one standard deviation, with the largest P.R,
shift of a positional parameter being 1.5 standard de- G 0.3805 (7) 0.0001 (17) 0.0725 (6)
viations. The final values of R and R, (based on F?) G 0.4543 (8) 0.0130 (9) 0.1547 (6)
for these parameters are 7.0 and 11.39%,. These param- g: 82282 E;; :ggégg 8471; 8 hgg E?;
eters (Table I) lead to a value of R, (based on F) of c, 0.4566 (8) —0.1205 (9) 0.0284 (6)
5.19,. Cs 0.3817 (5) -0.0666 (14) 0.0094 (5)

Through the refinement, the temperature factors of PR

3481

two of the ethyl carbon atoms (ethyl group 2 of phos- C 0.0901 (6) 0.2557 (10)  —0.0228 (5)
phorus 1) were disturbingly high and the bond length of Ce 0.1123 (6) 0.3513(8) —0.0534 (7)
1.42 A between these atoms compares unfavorably Gy 0.0737(7) 0.3685 (9) —0.1427 (8)
with expectation and with bond lengths of 1.57-1.58 Cs 0.0130(7) 0.2902 (11) —0.2015 (5)
A in the other five ethyl groups. In order to test the gz _ggggi Eg; 81%2 E;?) :85212 E;;

possibility that the positions of these atoms represent
a false minimum in the least-squares refinement, a
difference Fourier based on structure factors calculated
without contributions from the suspected ethyl group
was computed at the conclusion of the isotropic refine-
ment. The two largest peaks on this map, of heights
2.4 and 1.6 e~/A3, were at the positions of the carbon
atoms omitted. The next highest peak (0.6 e=/A?)
was in the immediate vicinity of the group. On a final
difference Fourier map, computed at the end of the
refinement on F? this peak was the highest feature at
1.0 e=/A3. A disordered model in which this peak rep-
resents an alternate position for the 3-carbon atom and
with the two a-carbon atoms each slightly displaced

2 The estimated standard deviations are derived from those
of the group parameters and are meant to be used in error analy-
ses on inter-ring distances. Intra-ring distances, of course, are
fixed (C-C = 1.392 A).

from the refined position of the single a-carbon atom is
consistent with the difference maps. In particular, the
peak for the a-carbon atom on the difference map in
which the ethyl group was omitted is distinctly elon-
gated in the direction of the suggested displacements.
Attempts to define this disorder more fully by structure
factor calculations were inconclusive. We can only
say that we do not take seriously either the temperature
factors or the carbon-carbon distance for this group.
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TasLE 111
OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (X 10) (IN ELECTRONS) FOR ReNCL(P(CoHs)eCsHs)a

ML oBs cac nooLo0BS caLc W L ocBs CaLC WL 0BS CALC WL 08S CALC WL 0BS CALC WL 085 cac KoL 0BS CALC KoL 08% CALC s L ces celc
Cenes ka0 sssas AR s o« 58 w0 IR 1o -1y 3w 300 5 -3 162 713 1o-2 1161 11ss o T ases el G e o
3 87 “ 8 -4 227 232 10 =16 a 5 “06 403 13 1503 1534 - N
5 0 15286 Poe3 509 swt B 516 998 3 -1 1029 1001 L0 a5z 595 5 -6 1077 102 Y3 1339 1383 4 a4 1wy 236 “
02 363 336 1 18l 268 & -5 1315 1319 3 2 2514 2085 11 es 2 5 673 ey 1oa e 5 4 -4 e o1t «
© 41282 3170 1 - BB. as7 B 6 248 305 3o-2 63 a7 11 -1 135 26T 5 -1 302 245 1o-u 4e2 376 3 PRI S 7Y e
o & 281 226 15 AT a2 8 -6 175 126 33 %2 363 ooz ose 2 5 & 313 155 15 413 sus s “ =5 1098 1030 “
0 8 1167 1292 1 8 -7 163 1638 3 -3 300 268 11 =2 e15 372 5 7 1-5 108 “ @ “ 6 202 207 s
R R I S S A I I I s
12 & 96 i 8 -2 1Al taug - 5 -10 9l 1-6 1263 1272 N N H
1 o 53 97 i 8 -10 182 2% 2 ibo-5 luss 1523 5 =11 T 729 1 BLl 848 ) « =8 173 13l 4
12 e : 8 -1l 115 58 3 Hose el sy poiz B e 1 -7 1625 1397 ’ PR M
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Yet a slightly simplified description of this group in suggest to us that a correction for secondary extinction

terms of an ordered model, as used in our refinements, was necessary.

should have no effect on the parameters of the other The positional, thermal, and group parameters de-

atoms. These other parameters are essentially uncor- rived from the last cycle of least-squares refinement on

related with those of the suspect ethyl group. F? are presented in Table I, along with the correspond-
Comparison of the final values of F, and F. did not  ing standard deviations in these parameters as esti-
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mated from the inverse matrix. The positional param-
eters of the group carbon atoms which may be derived
from the data of Table I are presented in Table II.
The final values of 10F, and 10F, (in electrons) are
presented in Table III. All observations, including
those in which F,? was less than ¢(F,%), were used in the
refinements and are listed in Table III.

Description of the Structure
The crystal structure, as defined by the unit cell
dimensions, symmetry operations, and parameters of
Table I, consists of the packing of monomeric molecu-
lar units. In Figure 1 the over-all molecular structure

is displayed; in Figure 2 only the inner coordination

Figure 1.—A perspective drawing of the molecular structure of
RENCIQ[P<C2H5)2CGH5]3.

T a
= bl

Figure 2,—A perspective drawing of the inner coordination
sphere of ReNClL [P(CyH;),CeH,ls.

about the Re atom is shown. The coordination about
Re is that of a distorted octahedron. Principal intra-
molecular distances and angles and their estimated
standard deviations, as derived from the data of Table
I and the correlation matrix, are given in Table IV.
The intermolecular distances appear to be normal and
so only the closest intermolecular approaches to Re
and N are given in Table IV.

The octahedral configuration found is one of the
possible configurations deduced by Chatt, ef al.,? pri-
marily on the basis of dipole moment measurements.
Their other possible configuration would have frans
halogen atoms and N frans to P; that is, N and Cl
would be interchanged.

Inorganic Chemistry

TaBLE IV

SELECTED DIsTANCES (A) AND ANGLES (DEGREES)
~——Intramolecular distance—— Angl
Re-Cl; 2.454 (4) Cli-Re-Cl, 84.36 (15)
Re-Cl, 2.563 (4) Cl;-Re-P; 85.17 (15)
Re-P; 2.490 (5) Cli-Re-P» 165.16 (15)
Re-P: 2.442 (4) Cli-Re-P; 85.64 (15)
Re-P; 2,469 (5) ClL~-Re-N 09.2 (4)
Re-XN 1,788 (11) Cli-Re-P; 89.08 (15)
CL,-Cl 3.370 (6) Cl-Re-P; 80.90 (14)
Cli-P, 3.346 (6) Cl-Re-P; 90.63 (14)
ClLi—P, 4.856 (6) Cli-Re-N 176.4 (4)
Cli-P; 3.346 (7) P:—Re-P; 96.29 (14)
(ST 3.258 (12) P1-Re-P; 170.80 (14)
Cl-P; 3.545 (6) P;—Re-XN 91.8(4)
Cl-Ps 3.249 (6) P;—Re-P; 02.74 (14)
Cl-P; 3.578(6) P;—Re-N 95.6 (4)
Cl;-N 4.349 (12) P;-Re—-XN 89.1(4)
P-P; 3.674 (8) Re-P~P,E;C; 120.2 (5)
Pl‘*Pg 4. 943 (6) RE—Pl—PlEQCI 105 2 (6)"
P;-N 3.110 (12) Re-P—P.ECy 113.1(5)
P-_)_"P;; 3 . 555 (6) Re“PQ—PQEQCI 1 16 .9 (4)
PN 3.164 (11) Re-Ps-P;E.C; 117.2 ()
PN 3.024 (13) Re-Py-P;E.C; 111.4(6)
P-P.E,C, 1.854 (15) P~-P.E.C-PiE;C; 110.8(1.0)
Pi-P1E,C,y 1.902 (19) P-PE.Ci-PE.Cy 110.1(1.6)
P-P1R;Cy 1.833 (12)  Po—P.E.C—P:E;C; 113.3(1.1)
Po-P.E1Cy 1.880 (186) Po-P,E,C—-P,E,Cy,  115.5(1.1)
Po-P.E,Cy 1.866 (15) Py-P3E;C-P:E, G, 110.8(1.2)
Po-P:R.Cy 1.848 (18) P3-P3E,C-P;E.C, 110.9(1.2)
Ps—P:E.C, 1.854 (17) ————P; CPC angles~—————
P3-P3;E,Cy 1.880 (15) Ei-E. 107.6 (6)
P:-PsR,Cy 1.806 (14) Ei-R, 103.8 (8)
P\EC-PiEiCy 1.576(20) Eo~Ry 101.9 (6)
P1E2C1—P1E2C2 1.417 (28)a ————=Py CPC angles—————
PEC-P,E: G, 1.578(20)  E,-E, 99.2(7)
PoECi-PoE,Cy 1.573(20)  E-R, 101.1(7)
P:E:C~P:ECy 1.577(20)  E,-R, 104.9 (7)
P3E:C-P;E.C, 1.578 (21) e P; CPC angles—————
~——-Intermolecular distance—— E~E» 105.0 (7)
Re-Re >7.236 E-R, 105.3(7)
Re-P1E.C, 3.507 (20*  g,-R, 101.2 (7)
N-P;R,H; 2,680

¢ See discussion of this P1E; group in the section “‘Solution and
Refinement of the Structure.” °® This is the closest intermolecu-
lar approach to the first atom named.

That the structure found here is distorted can be
appreciated from the figures, from Table IV, and
from Table V where data on the best weighted least-
squares planes®® are given, The atoms Cl;, Cly, Py,
and N are essentially coplanar and these atoms, together
with Re, are nearly coplanar. There are very sig-
nificant deviations of atoms from the other four planes
described in Table V.

The P and Cl ligands are loosely bound to Re. Thus
the Re-P distances, which range from 2.44 to 2.49 A
are long compared with those found recently in a
variety of second- and third-row transition metal com-
plexes containing phosphines (Rh-P = 2.32 A in RhH-
(CO)(P(CsHs)z)s;'> 1 Ir-P = 2.36, 2.37 A in IrO,Cl-
(CO)(P(CeHs)3)2*® and 2.33, 2.36 A in Ir(SO.)Cl(CO)-
(P(C(;Ha)s)z;m Pt-P = 2.26 A in PtHBr(P(C2H5)3)222

(18) W. C. Hamilton, Acta Cryst., 14, 185 (1961).

(19) S.J.La Placa and J. A. Ibhers, J. Am. Chem. Soc., 86, 3501 (1963).

(20) J. A. Ibers and S. J. La Placa, Science, 145, 920 (1964).

(21) S.]J.La Placa and J. A, Ibers, Inorg. Chem., B, 405 (1966).

(22) P. G. Owston, J. M, Partridge, and J. M. Rowe, Acta Cryst., 18, 246
(1960).



Vol. 6, No. 2, February 1967

NITRIDODICHLOROTRIS (DIETHYLPHENYLPHOSPHINE ) RHENIUM(V) 203

TABLE V

BEST WEIGHTED LEAST-SQUARES PLANES
Equations of Planes of the Form AX + BY + CZ = D
(Monoclinic Coordinates)

Atoms Plane no. A
Cl, Cly, Py, N 1 7.423
Re, Cl,, Cl, Py, N 2 7.580
ClL, Py, Py, Py 3 9.455
Re, Cly, Py, P, Ps 4 9.447
Clp, Py, Pg, N 5 13.379
Re, Cl, P, P, N 6 13.887

Distances of Atoms from Planes (A)

Atom 1 2 3
Re 0.0025(8)

CL —0.006 (5) —0.039 (5) 0.180 (5)
Cly 0.005 (5) 0.008 (5}

Py —0.157 (5)
P, —0.005(4) —0.030 (4) 0.118(4)
Py —0.145 (4)
N 0.041 (11) —0.017 (11)

and in PtHCI(PC,H;(CsHs)3),2%), but they do agree well
with those of 2.45 and 2.48 A found in ReOClLy(P(CHs;),-
Ce¢H;),.® The last complex, which is also distorted
octahedral, is closely related to the present structure
and may be derived from it by replacing N by O and
P; by Cl. Although the equatorial Re~Cl distance of
2.45 A in the present structure agrees reasonably well
with the Re-Cl distances of 2.41-2.47 in ReOCl;-
(P(C:H;)2CsHs),, all of these distances must be con-
sidered long. Thus the Re-Cl distance in the Re;O-
Clyp*~ ion?* is 2.38 A and in an early determination
the Re-Cl distance in the ReClg?~ ion is reported to
be 2.37 A.%» Moreover, the equatorial Re-Cl distance
in the present structure and the Re-Cl distances in the
related oxo structure are in the range of Re-Br dis-
tances found recently in several octahedral complexes
[Re—Br = 251 Ain ((C2H5)4N) (ReBmO(HgO)),G Re-Br
= 243, 2.48, 249, 2,51 A in ((C¢Hs)sAs)(ReBr,O-
(CH3;CN))"], although normally the M-Br distance is
some 0.10-0.15 A longer than the M-Cl distance. To
emphasize further that these Re~Cl distances are long,
let us compare them with the Pt-halogen distances in
the square-planar Pt complexes where the halogen is
trans to H. We find a Pt-Cl distance of 2.42 A in
PtHCI(PC.H;(CsHs)s)22® and a Pt-Br distance of 2.56 A
in PtHBr(P(C;Hs)s)2.22 These distances are generally
considered long and the lengthening is consistent with
the trans effect of the H atom. Note that in the present
compound the Re~Cl distance of 2.563 A frans to N is
some .10 A longer than any we have been discussing
and any of which we are aware, Clearly, the N atom
has exerted a very strong frans effect on the Cl atom.
In fact, one can rationalize the general lengthening of
the Re-P and Re-Cl bonds on the basis of a large do-
nation of electrons from N to Re with the general result
of electrostatic repulsion among the ligands.

The P-C distance and C~P-C angles are well within
the range usually found in PR; groups. There is some

(23) R. Eisenberg and J. A, Ibers, Inorg. Chem., 4, 773 (1065).

(24) J. C. Morrow, Acta Cryst., 15, 851 (1962).
(25) B. Aminoff, Z. Krist., 94, 246 (1036).

B C D
—0.876 1.089 1.375
—9.793 1.137 1.454

6.062 5.505 3.347

6.047 5.530 3.202

0.511 —17.688 0.431

0.790 —17.476 0.732
Plane no.
4 5 [§]
—0.0198 (8) 0.0105 (7)
0.329 (5)
0.036 (4) 0.015(4)
—0.007 (5) —0.044 (4) —0.184 (4)
0.261 (4)
—0.003 (4) —0.046 (4) —0.193 (4)
0.346 (11) 0.117 (11)

indication from the data of Table IV that the P-ary!
distance is slightly shorter than the P-alkyl distance.

A discussion of the Re-N bond length will be re-
served for the following paper. However, it is appro-
priate to compare the structure found here with the
few other reported structures of metal-nitrido com-
plexes. The inclusive list appears to be KOsO;3;N,2
KQOSNC15,27 and K(OSNBY4(HQO))'H20.27 The very
early work on the OsO;N ~ ion® suggests that the Os-O
(or N) distance is 1.62 A; the error in this deter-
mination, in which N could not be distinguished from
O, is probably in excess of 0.1 A. The results on K,Os-
NCI; are most surprising. The OsNCl;2~ ion is octa-
hedral. The basal Os—Cl distances are 2.40 A, the Os-N
distance is 1.61 A, and the Os—Cl distance trans to N is
2.16 A. The structure was solved by projection methods
and was apparently not refined. One would guess that
the limits of error are approximately 0.05 A on Os—-Cland
greater than 0.10 A on Os-N. Nevertheless, the Os-Cl
bond frans to N is apparently some 0.2 A shorter than
normal, whereas the Re-Cl bond frans to N in the pres-
ent structure is perhaps some 0.2 A longer than normal.
An explanation for this extreme shortening of the Os—Cl
bond has been offered® in terms of the formation of §
bonds between Os and Cl. Vet if this explanation were
correct, the same effect should occur in the present
structure since Os(VI) and Re(V) are isoelectronic.
A redetermination of the structure of K;OsNCl; is now
underway in these laboratories. No details are avail-
able on the structure of K(OsNBry(H,0))-H;0,¥ except
that the Os-N distance is supposed to be 1.61 A,

Thermal Motions of the Atoms

In Table VI we list the mean-square amplitudes of
vibration of those atoms which were refined aniso-
tropically. The anisotropy is small. The directions of
vibration can be seen in Figure 2. The data of Table I
on the individual, isotropic thermal parameters of the

(26) F. M. Jaeger and J. E. Zanstra, Rec. Trav. Chim., 51, 1013 (1932).

(27) L. O. Atovmyan and G, B. Bokii, Zk. Strukt, Khim., 1, 501 (1960).

(28) V.M. Volkov and M, E. Dyatkina, Dokl, Akad. Nauk SSSR, 184, 351
(1960).
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TaABLE VI
RooT-MEAN-SQUARE AMPLITUDES OF VIBRATION (A)¢

Atom Minimum Intermediate Maximum
Re 0.206 (2} 0.251(2) 0.263 (1)
Cl, 0.217 (7) 0.294(7) 0.336 (6)
Cl, 0.254 (7) 0.267 (6) 0.310(6)
P, 0.215(7) 0.241 (8) 0.291(7)
P, 0.208 (8) 0.224(7) 0.254 (7)
Ps 0.207 (8) 0.249 (7) 0.270(7)

e Figure 2 provides an indication of the directions of these
principal axes of vibration.

group phenyl atoms seem reasonable; there is the
general trend that vibration is least for the C; atoms
attached to P and greatest for the C, atoms érans to Ci.
Similarly, the a-carbon atoms of the ethyl groups are
vibrating less than the S-carbon atoms. In short, it
appears that this particular data set is free enough from
systematic errors so that the information on thermal
motions derived from it has some elements of truth.
The derived bond distances may be “corrected’” for
the effects of thermal motion under various assump-
tions.?® Perhaps the most reasonable assumption to

(29) W.R. Busing and H. A. Levy, Acta Crys’., 17, 142 (1964).

Inorganic Chemistry

make in the present case is that the lighter atoms are
riding on the Re atom. The corrections for thermal
motion are then rather small. TFor example, the Re-N
bond distance becomes 1.782 A. This small decrease
(0.006 A) occurs because the amplitude of vibration of
the N atom normal to the Re~N bond is less than that of
Re. It isimportant to keep in mind that generally the
errors of assumption in the thermal model exceed the
precision with which the bond distances have been
determined. Thus great care must be exercised in
discussing apparent, small differences in bond distances,
especially in those determinations where the thermal
motions of the atoms are poorly defined owing to
residual systematic errors in the data.
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The crystal and molecular structure of nitridodichlorobis(triphenylphosphine)rhenium(V), ReNCL:(P(CsHs)s)2, has been
determined from three-dimensional X-ray data collected by counter methods. The structure has been refined by least-
squares techniques down to a final R factor of 4.89; on F. The material crystallizes in space group Caf-12/a of the mono-
clinic system, with four molecules in a cell of dimensions a = 15.71,5 = 9.53,¢ = 22.17 A; 8 = 103° 26’. The crystal struc-
ture is made up of well-separated monomeric molecular units. Twofold crystallographic symmetry is imposed on the mole-
cule. The inner coordination about Reis distorted from both idealized five-coordinate geometries: the trigonal bipyramid
and the tetragonal pyramid. Roughly the struicture may be described as a distorted tetragonal pyramid, with N at the apex
and with the P atoms moved out of the basal plane of the Cl atomis toward the Re. The Re~Cl, Re~P, and Re-N distances
are 2.377 &+ 0.002, 2.448 =+ 0.002, and 1.603 == 0.009 A. Although the Re-Cl and Re-X distances difer markedly from
those found in the closely related six-coordinated Re(V) complex, ReNClL(P(CyH;):CeHs)s, the nonbonded interligand dis-

tances in the two compounds are very similar,

Introduction

This paper describes the crystal and molecular struc-
ture of nitridodichlorobis(triphenylphosphine)rhenium-
(V), ReNClL(P(Ce¢Hs)s)s. This study is part of a series
on the structures of complexes containing metal-
nitrogen multiple bonds and it was undertaken for
two interrelated reasons. First, the compound may be
thought of as derived from ReNCL(PRj); in which
the Re is six-coordinated, by removal of one PRj ligand
with no resultant change in the formal oxidation state

of Re (Re(V)). It seemed to us to be of obvious inter-
est to carry out accurate structure determinations on
both the six- and five-coordinated complexes in order
that useful information on the relations of six- and
five-coordination might be obtained. The first paper in
this series! described the structure of ReNClL(P(CyHs)o-
CsH;)s. Second, five-coordinate transition metal com-
plexes are of interest in themselves, since no consistent

{1) P. W.R. Corfield, R. J. Doedens, and J. A. Ibers, Inorg. Chemn., 6, 197
(1967).





