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The reduction of RhCl, - 3 H,O by sodium amalgam in THF solution under 
an atmosphere of Nz and in the presence of an excess of a phosphine ligand has 
resulted in the formation of the hydridodinitrogen complexes RhH(N,)- 
(PPh(t-Bu),), (I), RhWNz)(P(t-Bu),), (II), and [RhH(P(c~clo-C=,H~~)~)~l b-N,) 
(V), and a hydridotrisphosphine complex RhH(P(i-Pr),), (X). The dinitrogen 
coordination is stable in I but N, is readily lost from the other dinitrogen com- 
plexes, permitting the isolation of three-coordinate hydridobisphosphine 
rhodium(I) complexes RhH(P(t-Bu)& (VII) and RhH(P(cyclo-C&I,,)3)2 (VIII)_ 
Trihydrido complexes RhH3L2 (L = PPh(t-Bu)* (XI), P(t-Bu), (XII), 
P(cyclo-C6H1& (XIII), and P(i-Pr), (XIV)) have been synthesized by the reac- 
tion of the above rhodium(I) compounds with HZ_ By treatment of the corre- 
sponding trihydrido complexes with N1 we have been able to obtain RhH(N,)- 
(P(cycl~-C.&~)~)~ (III) and RhH(N,)(P(i-Pr),), (IV). Loss of N, from IV results 
in the formation of [RhH(P(i-Pr),),]&N,) (VI) and RhH(P(i-Pr),), (IX)_ The 
crystal and molecular structure of [RhH(P(i-Pr),)J,@-N,) (VI) has been deter- 
mined at -85°C. The compound crystallizes in the triclinic space group C,‘-Pi 
with two molecules in a cell of dimensions a 12.703(16), b 16.455(16), c 
11.389(8) 8, (Y 90.25(g), /3 103.87(3), y 97.58(3)“, V 2289 a3. The final con- 
ventional and weighted agreement indices on F, for FO’ > ~D(F,~) are 0.051 
and 0.060, respectively_ The dinitrogen ligand of VI linearly bridges two planar 
RhHP, fragments with an N-N separation of l-134( 5) il and an average Rh-N 
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Na/Hg in THF, and the formation of RuH(OH)(PPh,),(THF), from RuC12- 
(PPh& and NaOH in THF [18]. Low-valent transition metal complexes are 
known to abstract hydrogen from THF in the metal-catalyzed hydrogen trans- 
fer hydrogenation of olefins [ 191. Compound I can also be obtained by two 
alternative routes, the reaction of trans-RhCI(CH2=CH,)(PPh(t-Bu),), with 
n-BuLi and an anion exchange reaction of [RhH,(Sol),(PPh(t-Bu&] [CIO,] 
(Sol = solvent) with OH-. This latter reaction probably involves the formation 
of [RhH,(Sol),(PPh(t-Bu),),] [OH] followed by the reductive elimination of 
water to give RhH(PPh(t-Bu)&, which coordinates N,_ 

The dinitrogen complexes prepared with the other phosphine ligands (vide 
infra) are unstable with respect to loss of the dinitrogen ligand. Compound I, 
however, is very stable, perhaps because of the lower basicity of PPh(t-Bu), 
relative to the trialkylphosphine ligands. The coordinated dinitrogen ligand of I 
can be displaced by other coordinating ligands; for instance, treatment of I 
with H, affords the trihydride, RhH3(PPh(t-Bu)& (XI). 

Complexes with tri-t-butylphosphirze, P(t-Bu),. Reduction of RhC13 - 3 HZ0 
with Na/Hg in the presence of P(t-Bu)s gives the hydridodinitrogen compound 
trans-RhH(N,)(P(t-Bu)& (II). This complex is stable at -30°C under N,, but 
at room temperature it gradually loses the coordinated dinitrogen ligand to give 
a dark brown solid, RhH(P(t-Bu)3), (VII)_ The dissociation is rapid in benzene 
or hexane solution. ImmediateIy after the preparation of a hexane solution of 
II under one atmosphere of N2 the N=N and Rh-H stretching bands can be 
seen in the infrared spectrum at 2145 and 2060 cm-l, respectively (see Ta- 
ble 1). The ‘H NMR spectrum shows no hydride signal, however, even at 
-70°C. We interpret this result in terms of a rapid equilibration between II and 
VII (eq. 1) since VII prepared separately in pure form does exhibit a hydride 
simal. 

RhH(Nz)(P(t-Bu)& = RhH(P(t-Bu)& + N2 (1) 

(11) <VII) 

Consistently we have obtained the three-coordinate compound VII as brown 
air-sensitive crystals by recrystallization of II from hesane under an argon 
atmosphere. Molecular weight measurements have confirmed its monomeric 
nature in benzene solution. The mass spectrum shows the expected parent peak 
(m/e 508) and fragments corresponding to stepwise loss of butene from the 
t-butyl groups of the phosphine ligands. The IR and ‘H NMR spectra, respec- 
tively, show a Rh-H stretching band at 2065 cm-’ and a hydride signal at 
6 -13.9 (double triplet, J(H-P) 18.8 Hz, J(H-Rh) 10.5 Hz). Virtual coupling 
is observed in the t-butyl proton NMR signal (6 1.47 (triplet), 3J(H-P) .+.. 
‘J(H-P) 11.4 Hz); thus a near tram disposition of the phosphine ligands in the 
complex is Jikely. The resultant T-shaped structure could be ascribed to the 
large steric bulk of the phosphine (cone angle 182” [20]). However, as pointed 
out elsewhere [ 211, the cone angle is not necessarily an accurate measure of the 
effective steric demand of trialkylphosphines, as a considerable amount of 
“squeezing” of the phosphine substituents appears to be possible [ 11. Based on 
extended Hiickel calculations, Komiya et al_ [ 221 predict a T-shaped structure 
as the most stable molecular geometry of diamagnetic dS three-coordinate com- 



TA
B

LE
 

1 

SP
E

C
T

R
A

L
 

D
A

T
A

 O
F 

T
H

E
 ~

IN
IT

R
O

G
~r

~ 
C

O
M

PO
U

N
R

S 
-..

--
--

--
--

.~
.-.

..-
~.

 

IR
 (

cm
@

+ 1
 a 

fH
 N

M
R

 b
 

-_
--

 
--

--
 

u(
R

h-
H

) 
v(

N
=

N
) 

6 
(R

h-
H

) 
J(

H
-R

h)
 

(H
z)

 
J(

H
-P

) 
(H

z)
 

-_
 

-_
._

“.
_.

.“
__

~-
_.

z 
__

.-
I_

* 
--

--
_1

_ 

tr
at

l~
R

h’
I-

f(
N

Z
)(

PP
~~

{~
B

u)
?)

Z
 

19
77

 
IL

;6
6 

-1
8,

0(
dt

) 
1E

,Q
 

16
‘0

 

(I
) 

O
th

er
s 

bE
U

, 
s 

1,
44

(t
),

 
3J

(l
i-

P)
 

+
 5

J(
H

-P
) 

!=
 

(I
I)

 
tr

an
rr

*R
hH

(N
z)

(P
(c

.C
61

_1
11

)3
)2

 
W

I)
 

L
ra

tlE
.R

hH
(N

Z
)(

P(
i.P

r)
3)

2 
W

) 

In
hH

(P
(c

.G
6H

11
)3

)2
12

(N
1)

 
W

) 

20
63

 

19
66

 
(1

95
3)

 
(1

96
2)

 

19
63

 

21
46

 
c 

21
30

 
--

13
,0

(d
t)

 
(2

12
6)

 
(2

14
0)

 
--

13
,2

(d
t)

 

X
8,

8 
20

,2
 

37
,6

 
20

,o
 

12
86

 H
z 

t.l
kl

, 
6 

1,
47

(t
),

 
3J

(H
-P

) 
+

 S
J(

H
-P

) 
=

 1
0,

O
 H

z 
c.

C
6H

11
,6

 
1,

8(
b)

 

G
H

3,
3 

1,
30

(q
),

 
3J

(H
-P

) 
+

 s
J(

H
-P

) 
=

 
12

,8
 

H
z,

 
J(

H
-4

3)
 

E
 6

,4
 H

z:
 

C
H

, 

6 
2,

2o
n

) 

19
27

 

- 
_.

...
.“

~
~

--
~

-~
~

-~
cI

~
~

.-
...

.. 

a 
M

ea
su

re
d 

In
 N

w
jo

l 
m

ul
l, 

T
he

 v
al

ue
 o

bt
ai

ne
d 

in
 n

*h
ex

an
t?

 so
W

on
 

is
 s

ho
w

n 
in

 t
he

 p
ar

en
tl~

es
es

, 
h 

M
ea

su
re

d 
in

 t
ol

ue
ne

.d
3 

at
 2

6%
 

’ 
O

w
in

g 
to

 t
he

 r
ap

id
 c

qu
ill

br
iu

m
 

II
 @

 
V

II
 +

 N
2 

no
 h

yd
ri

de
 

si
gn

al
 w

as
 o

bs
er

ve
d 

ev
en

 a
t 

-7
O

”C
, 



187 

plexes, and a T-shaped structure has been found for [ Rh(PPh& J + [ 81. 
Facile loss of N2 from the hydridodinitrogen complex II is an interesting and 

significant difference from stable N, coordination in the analogous hydridodi- 
nitrogen complex I. Although the phosphine ligands PPh(t-Su)z in I and 
P(t-Bu), in II have similar steric requirements, P(t-Bu), is more basic. This 
strong basicity stabilizes the 14-electron, 3-coordinate complex VII relative to 
the hypothetical complex RhH(PPh(t-Bu)&. The steric bulk of the phosphine 
substituents precludes the stable coordination of a third phosphine ligand to 
form RhHL+ We summarize the reactions of the hydrido complexes with 
P(t-Bu)s in Scheme 1. Both II and VII will oxidatively add H, to form the tri- 

SCHEME 1 

Na/HgjTHFjNz _ -N2 
RhCI, l 3H20 

P(t-EuI3 
- RhH(N21(P(t-Bu& y RhH(P(t-Bu),), 

(II:) mm 

hydrido complex RhH,(P(t-Bu),), (XII), as in the analogous reaction of I with 
HZ- 

Complexes with tricyclohexylphosphine, P(c-CJT&. The dinitrogen com- 
plex, frans-RhH(N,)(P(c-C~H,,),), (RI), could not be obtained by the direct 
reduction of RhCls - 3 HZ0 in the presence of P(c-C,&I~~)~ under an atmosphere 
of Np. Compound III was obtained instead from the reaction of RhH3- 
(P(c-C&I,,),), (XIII) with N2 in hexane (see Scheme 2). Complex XIII was pre- 

SCHEME 2 

[IRhH(P(c-CsH,,)3)2]2(~-N2) - RhH(Pk-C6H,,)3)2 + RhH(N2)(P(c-C6H,,)3)2 

(PI m3I) I uu) 

RhCl3 - 3 Hz0 + p(C-c6H,,)3 

Na/Hg/ 

I 

THF/H, 

RhH (P(c- C6H,,1312 

mIu) 

A.Ar 

RhH3(Ptc-C6H,,)3)2 

txun 

+ N2 

-H2 

I 

- RhH(N$ (P(c-C6H,,)3)2 

tm, 
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pared by the Na/Hg reduction of RhC4 - 3 Hz0 in the presence of the phos- 
phine under a hydrogen atmosphere. When the reduction is carried out under N, 
the complex initi+ly obtained is [RhH(P(c-C&11)3)2]2(Ct-N2) (V) (vide intra). 
The dinitrogen ligand is more firmly bound in III than in the P(t-Bu), complex 
II, as the solid compound III does not lose dinitrogen at room temperature in 
vacua. However, when the complex is dissolved in benzene there is dissociation 
of the coordinated dinitrogen Iigand, even under one atmosphere of N1. Two 
hydride signals are observed in the ‘H PIlTMR spectrum of the solution, a double 
triplet at 6 -13.0 (J(H-P) 20.2, J(H--Rh) 18.8 Hz) and a double triplet at 
6 -14.9 (J(H-P) 22.7, J(H-Rh) 18.5 Hz) with a relative intensity of ca. 2:3. 
The latter signal is assigned to RhH(P(c-C&Z,,)& (VIIIj on the basis of the IR 
and ‘H NMR spectra of an authentic sample; the former signal is assigned to III. 
The observation of two hydride signals from III and VIII suggests the equilib- 
rium III =+ VIII + Nz is not as rapid as that observed in the analogous P(t-Bu)3 
system. 

The product obtained from the direct reduction of RhCL - 3 HZ0 with 
Na/Hg in the presence of P(c-C,H,,), and N2 is the binuclear ,+dinitrogen com- 
pound [RhH(P(c-CJ-i11)&]2(~-N2) (V). This same complex V is also obtained 
upon recrystallizing III from aromatic hydrocarbons_ The IR spectrum of the 
solid compound shows no N-N stretching mode, consistent with a linearly 
bridging dinitrogen ligand. The IR spectrum of a benzene solution of V, how- 
ever, shows ZJ(N=N) at 2125 cm-’ and v(Rh-H) at 1953 cm-‘, identical with 
those of III (see Table 1). The hydride ‘H NMR signal is also indistinguishable 
from that of III. These spectroscopic data suggest to us that there is an almost 
complete dissociation of V into III and VIII (see Scheme 2) and reassociation is 
not sufficiently rapid to broaden the hydride ‘H NMR signal (contrast the 
behavior of II in solution)_. An analogous dissociation has been found for the 

-related complex [ Ni(P(c-C,H,,),),] &.L-N~) [13]. We conclude that our isolation 
of V is mainly a result of its being the least soluble of the different species 
involved. Heating a benzene solution of the dinitrogen-containing compounds 
III or V under argon at 50-70°C affords VIII from complete loss of dinitrogen 
(see Scheme 2)_ 

Complexes -with triisopropylphosphine, P(i-Pr)3. The reduction of RhC13 - 
3 HZ0 with Na/Hg in the presence of the less bulky phosphine P(i-Pr), affords a 
trisphosphine complex RhH(P(i-Pr),), (X), rather than the expected hydridodi- 
nitrogen complex. The IR spectrum of X shows a Rh-H stretching frequency 
of 1975 cm-’ and the hydride signal in the NMR spectrum is observed at 
6 -10.9 as a complex multiplet (AR,MX spin system)_ Except for the coupling 
between the hydride and the rhodium nuclei (J(H-Rh) 16.5 Hz) the ‘H NMR 
signal is very similar to the hydride signal of [NiH(PE&),]’ [23 J _ The hydride 
‘H NMR signal of X shows a temperature dependence in the temperature range 
-40 to +5O”C which remains the same in the presence of an excess of free 
P(i-Prj+ This we interpret in terms of an intramolecular site exchange of the 
phosphine ligands, perhaps through a quasitetrahedral intermediate or transi- 
tion state [7,23-261. The 31P NMR spectrum shows only a sharp doublet in 
the temperature range -40 to +4O”C (J(P-Rh) 157 Hz) with some broadening 
at -80” C, also consistent with a rapid rearrangement process which does not 
entail ligand dissociation [7,26]. This contrasts with the very facile ligand 





190 

(dt, J(H-P) 21.0, J(H-Rh) 17.2 Hz) in approximately a 1.~3 ratio. After the 

solution is purged with argon its IR spectrum shows only one Rh-H stretching 
band (1930 cm-‘) and no NEIL’ stretching band, and its ‘H NMR spectrum shows 
only the higher-field signal (6 -14.5). Our interpretation of these results is that 
the initial reaction product with dinitrogen is the hydridodinitrogen complex 
RhH(N,)(P(i-Pr),), (IV) he h w IC readily loses N, to form several new hydrido 
complexes, one of which has been found by an X-ray structure determination 
to be the dinitrogen-bridged compound [ RhH(P( i-Pr)3)2] &-N2) (VI). The 
facile dissociation of N2 has prevented isolation of IV in pure solid form, and 
attempts to obtain it by recrystallization from pentane under Nz have resulted 
instead in the isolation of VI. Elemental analyses of samples of VI (recrystal- 
lized from pentane under argon) indicated partial or complete loss of dinitro- 
gen, and the complex VI was originally formulated as a dimer of RhH- 
(P(i-Pr)& (IX)_ The IR spectrum of a solid sample of VI shows v(Rh-H) at 
1927 cm-’ but no v(N=N), consistent with the D2 symmetrical structure found 
in the X-ray study. However, the IR spectrum of a hexane solution of VI, which 

had beefi prepared under argon, shows v(N=N) at 2140 cm-’ and v(Rh-H) at 
1962 cm-’ and 1930 cm-‘. These results strongly suggest a dissociation of VI 
into IV and RhH(P(i-Pr),), (IX). The ‘H NMR spectrum of VI (in toluene-d, 
under Ar) also indicates the presence of IV (hydride signal at 6 -13.2, dt), as 
well as a much stronger hydride signal at 6 -14.5. After N, was bubbled 
through the solution, the relative concentration of IV increased, as indicated 
by an enhancement of the signal at d -13.2 relative to the signal at 6 -14.5. 
We do not know whether the ‘H NMR signal at 6 -14.5 (double triplet, 
J(H-Rh) 17.2, J(H-P) 21.0 Hz) is from undissociated dimer VI or the nitrogen- 
free complex IX, or a fortuitous overlapping of signals from both. 

When attempts were made to recrystallize the dinitrogen-bridged compound 
VI under an argon atmosphere, a new yellow-orange complex was obtained. 
Elemental analyses of this compound indicate it to be free of nitrogen, and we 
presently formulate it as RhH(P(i-Pr)3)2 (IX)_ Molecular weight measurements 
of IX in benzene suggest it to be dimeric (found: 835; calculated for a dimer: 
848 g/mole)_ Spectra of complex IX in solution show several of the same fea- 
tures as seen for spectra of the dinitrogen-bridged dimer VI (IR: v(Rh-H) 1930 
cm -I; lH NMR: 6 -14.5, dt)_ The hydride signal in the ‘H NMR spectrum of 

.1X is inconsistent with a possible hydrido-bridged dimeric structure, and the 
structure of IX is still under investigation_ 

Description of the structure of [RhH(P(i-Pr),)J,(p-Ar,) (VI). This structure 
determination was undertaken on what was believed to be the nitrogen-free 
complex IX or the dimer of IX. Instead the structure determination revealed 
for the first time the existence of compound VI, the dinitrogen-bridged species. 
The compound crystallizes in the triclinic space group Cf-Pi with two mole- 
cules in the unit cell. A view of the complex is shown in Fig. 1. Each dimeric 
molecule consists of two planar HRhP, centers coupled by a dinitrogen mole- 
cule, with a dihedral angle between the planes of 55.2” _ Average deviations 
from the local coordinatiori planes are 0.014 A_ The H-Rh-N-N-Rh-H 
linkage is essentially linear and the dimeric complex has an overall point group 
symmetry very close to D2 (222). Bond distances and angles around the two 
rhodium centers are insignificantly different (see Table 2). The unit cell pack- 
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Fig_ 1. A drawing of a molecule of [RhH(P(i-Pr),),]2(fi-Nz)_ Thermal ellipsoids are drawn at the 50% 
probability level here and in Fig. 2. Selected interatomic distances are given. The carbon atoms of the 
isopropyl groups on P(1) are Iabekd to illustrate the numbering scheme. 

ing is shown in Fig. 2. It appears to be determined by Van der Waals’ and steric 
interactions among the hydrogen atoms of the isopropyl groups. The shortest 
intermolecular H---H contact is 2.44 A. Inspection of a space-filling model sug- 
gests that there could be severe steric crowding among isopropyl groups.of the 
two dimer halves. This is considerably relieved by bending the phosphine 
ligands away from the bridging dinitrogen group towards the terminal hydride 
ligands (average P-Rh-P angle, 163.3(l)“) and by decreasing the dihedral angle 
between coordination planes from 90” _ Even in sterically-unencumbered planar 
d* monomeric complexes, however, there is a pronounced tendency for trans- 
phosphine ligands to bend towards a mutually cis-hydrido ligand [7,10,28-30]_ 
The dihedral angle of 55.2” is very likely established by optimal inter- and 
intra-molecular packing of the isopropyl groups. Electronic effects alone would 
probably favor a dihedral angle of 90”, but the potential surface for twisting 
about the Rh-N-N-Rh bond is likely to be very soft *. 

The Rh-P(i-Pr), bond distances (ave. 2.273(3) a) are shorter than values of 
2.348(l) [32] and 2.31(l) f% [33] found previously in low-temperature struc- 
tural determinations. The Rh-P bond length in RhH(N2)(PPll(t-Bu)2)2 [lo] is 
2.297(l) R. Pl anar rhodium(I)-phosphine compounds in which the P-Rh-P 
angle of nominally trans-phosphine ligands is considerably less than 180’ (ave. 
163.3(l)” in the present compound, VI; 168.12(3)” in RhH(N,)(PPh(t-Bu)2),, I 

* The over& ~10 argument resembles that presented by Hoffmann et al- [311. 
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TABLE 2 

SELECTED BOND DISTANCES (A) AND ANGLES (deg) FOR [RhH(P(i-Pr)3)2]2(p-N2) (VI) 

Rh<lPP<l) 
Rh<l)_-P(2) 
RWS-P<3) 
Rh(2)-P(4) 
Rh-P(ave) 

RhW--N(l) 
Rh(2)_Nt2) 
Rh-N(ave) 

Rh<lFH<l) 
Rh(2)_H<2) 
Rh-H(ave) 

X(1)-N(2) 

P(l)_all) 
P(1)-42<12) 
P(lF-C(l3) 
P(2)--C(21) 

P(2)-C(22) 
p(2)-C(23) 
P<3)-C(31) 
P(3)-C(32) 

P(3)-C(33) 
P(4)-C<41) 
p<4)-C(42) 
P(4)-C(43) 
P-C&we) 

2.271(2) 

2.27012) 
2.273(2) 
2.277(2) 
2.273(3)" 

1.981(5) 
l-973(5) 
l-97.7(6) 

l-62(5) 

l-60(5) 
l-61(4) 

1.134(5) 

l-854(6) 
l-845(6) 
l-850(6) 

l-858(5) 
l-843(6) 
X.847(6) 
l-847(6) 
l-848(6) 

l-845(6) 
l-834(5) 
l-844(5) 
l-857(6) 
l-848(7) 

l-528(9) 
1.500(S) 
1.526(S) 
1.518(S) 
1.522(S) 
l-540(7) 

C<21)--C<24) 

C(21)_C(25) 

C(22)--c(26) 
C(22)_C(27) 

C(23)--c(28) 

c(23)--c(29) 
C(31)--c(34> 
C(31)-C(35) 
C(32)-C(36) 

C(32)--c(37) 
C(33~-C(38) 
C(33)-C(39) 
C(41)-C(44) 

C(41)-C(45) 
C<42)-C(46) 

C(42)--c(47> 
C<43)-C(48) 

C(43)-C(49) 
C--C(ave) = 

P(l)_Rh(l)--P(2) 
P(3)-Rh<2)-P(4) 
P-Rh-P(ave) 

P(l)_Rh(l)_H(l) 

P(2)_Rh(l)_-H(l) 
P(3)-Rh(2)-H(2) 

P(4)-Rh(2)-H(2) 

P(l)-Rh(l)-N(1) 

P(2)-Rh(l)-N(1) 
P<3)_Rh(2)_N(Z, 

P(4)-Rh(2)-N(2) 

H(l)-Rh(l)-N(1) 
H(2)_Rh(2)-N(2) 

Rh(l)_NU)_N(2) 
Rh(2)-N(2)-N(1) 

l-514(9) 

1.512(S) 
1.529(S) 
1.532(S) 
1.525(S) 
l-535(7) 
1.502(10) 
l-529(9) 
1.521(S) 
l-543(7) 
1.514(S) 
l-534(8) 
1.51i(S) 
1_517(9) 
l-524(6) 
1.529(S) 
1.522(S) 
l-543(7) 
1.525(12) 

163.32(6) 
163_18(6) 
163.3(l) 

83(2) 
81(2) 
81(2) 

83(2) 

98.5(l) 
98.2(l) 
98.4(l) 
98.4(l) 

177(2) 
178(2) 

li9.3(3) 
179.3(3) 

c(11)-P(1)--c(12) 

C(l1~p(l)--c<13) 
c(12~~(1)--~(13) 
C(21)_P(2)--c(22) 
C<21)-P(2)-C(23) 
C<22)-P<2)-C(23) 
C(31)-P(3)_C(32) 

C(31)_P(3W(33) 
C(32)-P(3)-C(33) 
C<41)-P(4)-C(42) 
C(41)_P~44)--c(43) 
C(42)-P(4)-C(43) 

C<ll)-P(l)-Rh<l) 
C(12)-P(l)-Rh(1) 
C(13)--P(l)-Rh{l) 
C(21)-P(B)-Rh(1) 
C(22)-P(2)-Rh(1) 
C<23)-P(Z)-Rh(1) 
C(31)--P(3)-Rh(2) 
C(32)-P(3)-Rh(2) 
C(33)-P(3)-Rh(2) 
C(41)-P(4)-Rh(2) 
C(42)-P(4)-Rh(2) 
C(43)-P(4)-Rh(2) 

103.5(3) 

103.7(3) 
108.8(3) 
103.8(3) 
102-S(3) 
109.5(3) 
103-O(3) 
104.3(3) 
108.8(3) 
103.0(3) 
103.3<3) 
109_7<3) 

113.5(2) 
112.9(2) 
113.6(2) 
114-O(2) 
112.5(2) 
113.3(2) 
113.7(2) 
113_6(2) 
112.6(2) 
113_9<2) 
113.3(2) 

112.8(2) 

c(l1)-C(14) 
c(ll)-C<15) 
C(12)-C(16) 
C(12)-C(17) 

C(13)-C(18) 

c(13t_c(19) 

D The value in parenthe& for an average value is the standard deviation of a single observation and is 
the larger of that estimated from the average standard deviation of the indiredual observations or on the 

assumption that the values averaged are from the same population. 

[lo]) may have atypically short Rh-P bond lengths as a result of a slight 
diminution of the mutual trans-influence of the phosphines. The P-C and 
C-C bond lengths in VI are normal (averages 1.848(7), 1.525(12) a, respectively)_ 
The Rh-N distances (average, l-977(6) A) are longer than those found in _ 
related rhodium(I) complexes with terminally-bound dinitrogen ligands 
(1.885(4) A in RhCI(N,)(P(i-Pr),), * [32]; l-970(4) ,& in RhH(N2)- 

* The structure of RhCl(N,)(P(i-Pr),),. originally claimed to have a side-bon&d dinitrogen ligand 

[33] with a Rh-N separation of 2.54<2) A, has been redetermined. The dinitrogen ligand is 

actually terminally bonded C321. 
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Fig. 2. Stereoscopic view of the unit cell contents of [RhH(P(i-Pr),),],u-N,). Alkyl hydrogens atoms are 
included with an artificial isotropic B of 1.0 AZ. The crystallographic D axis runs From left to right ahd the 
b UiS from bottom to top. The point (0. 0. 0) is at the center of each drawing. 

(PPh(t-Bu).), [lo]) but the latter distances are rendered unreliable by known 
or suspected disorder. We have noted [ 333 a trend in Rh-H distances in ter- 
minally-bound hydrido complexes which is maintained in this structure: 
Rh’--H distances fbund by X-ray methods tend to be around 1.6 .& in length, 
while Rh’“-H distances may be somewhat shorter. In the present complex the 
average Rh’-H distance is l-61(4) .& The N-N separation (l-134(5) a) is 
slightly longer than the shortest value reported for linearly-bridging dinitrogen 
complexes [13,35-411 (values range from 1.12 [13,36] to 1.28 a [39]) and 
may be indicative of minimal 7i--delocalization in the Rh-N-N-Rl! chain rela- 
tive to the other analogous dimeric compounds_ However, there may still be 
some slight long-range delocalization of d-electrons of one Rh center into the 
nominally-empty p-orbital of the other Rh center f, which could enhance the 
stability of the dimeric complex VI relative to the terminally-bonded dinitro- 
gen complex IV. 

Upon close examination of the unit-cell diagram, Fig. 2, it can be seen that 
an isostructural analogue of VI with P(t-Bu), replacing P(i-PrL could not exist. 
Each dimer has an intramolecular H-.-H contact of about 2.52 .& between the 
hydrogen atoms on atoms C(13) and C(42), and a similar contact between the 
hydrogen atoms on atoms C(23) and C(32). In a hypothetical isostructural 
P(t-Bu)3 complex, the present sites of hydrogen atoms on atoms C(13), C(23), 
C(32), and C(43) would be occupied by carbon atoms of methyl groups, and 
impossible interatomic contacts would result. By fearranging the packing of 
the phosphine substituents and optimizing the interplanar dihedral angle it 
-might be possible to accommodate the bulk of the t-butyl groups in such a 
dimeric complex. However, our studies strongly suggest that such a dimeric 
complex is not formed in the reactions involving P(t-Bu)3. Tricyclohexylphos- 
phine has been found to have very comfortable intramolecular packing of the 

+ This is referred to as the c‘push-pull” effect in a somewhat similar Ti complex: see ref_ 39_ 
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cyclohexyl substituents in a related complex [ 131. We suspect that favorable 
intramolecular packing, while not necessarily the dominant driving force for 
dimer formation, is definitely a determining factor in permitting the dimeriza- 
tion_ 

Experimental 

‘H NMR spectra were recorded on JEOL 4H-100 or JEOL C-6OHL spec- 
trometers- IR spectra were measured on a Hitachi Model 295 spectrometer. All 
reactions and physical measurements were carried out under dinitrogen or 
argon atmospheres_ The following compounds were prepared by literature meth- 
ods: P(t-Bu)B [423, P(c-&II,,), [431, PPh(t-Bu), [44], P(i-I+), [45], 
[ RhCl(CH2=CH&j2 [ 461, and [ RhCl(C,H,,),] 2 [ 47]_ Physical properties and 
analytical data are shown in Table 3_ The spectral data of the trihydride corn- 
plexes RhH3L2 are summarized in Table 4. Spectral data for the dinitrogen 
complexes are in Table 1. 

trans-RhH(Nz)(PPh(t-Bu)2), (I). Preparation of I by reduction of the system 
RhC13 - 3 H,O/PPh(t-Bu). with Na/Hg has been reported [lo]. Compound I 
was also prepared by two alternative methods: (a) Under a hydrogen atmo- 
sphere AgCIO, (0.23 g, 1.1 mmol) was added to a yellow solution obtained 
from [RhCI(CH2=CH&]2 (0.20 g, O-5 mmol) and PPh(t-Bu), (0.45 g, 2.0 
mmol) in THF (10 ml)_ The filtered dark brown solution was treated with 1 N 
aqueous NaOH (2 ml) and the mixture was stirred at room temperature for 2 h 

TABLE3 

PHYSICALANDANALYTICALDATA 
~____________~.__ ~____ __.______ _._ 

CC&X- M-p. ("C, Analjsis(Found (calcd.) (%)) 

C H N 

frans-RhH(N2)jPPh(t-Bu)~]z YdlOW 85 (dec) 58.25 8.04 4.64 
(I) (58.60) (8.05) (4.86) 

b-am-RhH(N-&P(t-Bu)312 yellow 0 (dec) 54.18 10.39 4.18 

(II) 
145(de& 

c53.72) (10.33) (5.22) 

trans-RhH(N2)[P(c-C6H11)3]~ orangeyeIIow 62.57 9.74 3.84 
(III) 
~RhH[P(c-C6H,I)3l*)(N*) 

(62.41) (9.75) (4.04) 

orange yellow 165(dec) 63.53 10.03 2.03 
(V 
-yRhH[P(i-Pr)312)l(Nc;2) 

(63.70) (9.95) (2.06) 

orange 105(dec) 48.81 9.83 3.15 
(VI) (49.31) 
RhH[P(t-Bu)j12= 

(9.89) (3.19) 

darkbrown 160 (dec) 56.68 10.71 0 
(VII) 
RhH[P(i-Pr)3]2' 

(56.68) (10.90) 

orange SO(dec) 51.28 9.10 0 
(IX) (50.94) (10.21) 

trcns-RhH3(PPh(t-Bu)2]~ YellOW 90 (dec) 61.27 8.98 
(XI) (61.07) (8.98) 

tram-RhHx[P(t-Bu)j/z Yellow 20 (dec) 56.33 10.89 
(XII) (56.46) (11.25) 

trons-RhHg[P(c-CgH1,)312 ye&XV 140<dec) 64.45 10.14 
(XIII) (64.84) 
fmns-RhH3[P(i-Pr)sj2 

(10.43) 

yelIow 100 (dec) 51.02 10.88 
(XIV) (50.70) (10.64) 

~~_________ ------~ 

a Mol. wt.caIcd.: 508,found: 491 (inbenzene). b Mol. wtt calcd.fordirner;848.foundr 835 (inbenzene). 
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TABLE 4 

SPECTRAL DATA OF trans-RhH3Lz 

IR (cm+) ? ‘H NMR b 
v(Rh-H) - 

S (Rh-H) Others 

frans-RhH3[PPh(t-Bu)21 2 

(XI) 
trans-RhH3[P(t-Bu)312 

(XII) 
tmns-RhH3CP(c-CgH11)311- 
(XIII) 
krans-RhH3CP<i-Pr)31~ 

(XVI) 

1910.1957 

1980 

2040 

2035 

-5.95(b) 
(-5.77 C) 

-7_75(bj 

(-6.27 d 
-8.80(b) 

-12.5(b) 

t-Bu. S 1.47(t). 3J(H-P) + 5J(H-P) = 

12.8 Hz; Ph. 6 7.1(m) and 8.4(m) 

t-Bu. 6 1.53(t), 3J(H-P) + sJ(H-P) = 

10.5 Hz 
cC6H, *. S 1.8(bm) 

CH ,6 1_3~(~), 3 J<=--PI * sJ<=--p) = 
12.3 Hz, J(H-H) = 6.0 Hz. CH. 
6 2.0(m) 

D Measured in Nujol mulI prepared under argon. ’ Measured in toluene-dg at 25OC under argon. ’ At -20°C. 

dt. J(H-Rh) 19 Hz and J(H-P) 8 Hz. d At -6OOC. dt. J<H-Rh) 20 Hz and J(H-P) 7 Hz. 

under dinitrogen. The brown solid obtained by concentration in vacua was 
recrystallized from n-hexane to give I as yellow crystals (0.30 g, 52%). (b) Com- 
plex I was obtained in 40% yield by treating a mixture of [ RhC1(CH2=CH2)2]2 
(0.195 g, 0.5 mmol) and PPh(t-Bu), (0.45 g, 2.0 mmol) with a pentane solution 
(3 ml) of n-BuLi (1.2 mknol) at 0°C for 0.5 h. 

trans-RhH(N2)(P(t-Bu)3)2 (rl). A mixture of RhC13 - 3 H,O (0.49 g, 2.0 
mmol) and P(t-Bu), (1.22 g, 6.0 mmol) in THF (20 ml) was stirred at room 
temperature for 20 h. The brown solid residue obtained by concentration in 
vacua was treated with 1% Na/Hg (30 g) in THF (20 ml) and stirred at room 
temperature for 20 h under an atmosphere of dinitfogen. Filtration of the dark 
brown solution and subsequent concentration gave a brown solid. Recrystalliza- 
tion from n-hexane at -20°C gave II.as yellowish brown crystals (0.57 g, 53%). 

trans-RhH(NJ(P(c-C&l,),)2 (III). The brown reaction mixture of RhCl, - 
3 HZ0 (0.49 g, 2.0 mmol) and P(c-C&lz& (1.55 g, 5.5 mmol) obtained in a 
manner similar to that described above was treated with 1% Na/Hg (30 g) in 
THF (20 ml) under a hydrogen atmosphere for 20 h at room.temperature. 
After filtration under HZ, the filtrate was concentrated in vacua to give a brown 
solid. Recrystallization from n-hexane under a dinitrogen atmosphere gave III 
as yellow-orange crystals (0.52 g, 40%). Compound III dissolves in toluene 
under dinitrogen with evolution of Nz to give V in 80% yield. 

[RhH(P(c-C&11)3)J2(p-N2) (V). The brown reaction mixture of RhC13 - 
3 HZ0 (0.73 g, 3 timol) and P(c-C&I,,), (1.7 g, 6 mmol) obtained by a method 
similar to that described for II was treated with 1% Na/Hg (40 g) in THF 
(20 ml) under N2 for 20 h. The yellow solid which separated was dissolved in 
toluene (20 ml) and the mixture was filtered. After concentration of the solu- 
tion to 10 ml and cooling at -10°C yellow crystals of V separated (1.5 g,‘73%)_ 
Rec&tallization from toluene gave tin analytically pure sample. 

[RhH(P(i-Pr)3)J2(p-N2) (VI) and “‘RhH(P(i-Pr),),” (IX)_ Recrystallization of 
RhH,(P(i-Pr),), (XIV) (0.13 g, 0.3 mmol) from n-pentane (10 ml) under a 
dinitrogen atmosphere gave yellow crystals as the major product and- a few dark 
brown crystals. Separation could only be effected by manual sorting. The yel- 
low complex was recrystallized from n-pentane under argon to give orange crys- 
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tals (0.045 g, 34%), shown by an X-ray structure determination to be VI. Ele- 
mental analysis of samples obtained fr_om separate preparations showed varying 
amounts of nitrogen (calculated for VI: 3.19%; found: 0 to 2.42%) and indi- 
cate the presence of IX_ Analytically pure VI was obtained by recrystallizing 
the yellow solid from pentane under an atmosphere of N2_ 

RhH(P(t-Bu),), (VI?‘). Compound II (0.16 g, 0.3 mmol) was dissolved in 
n-hexane (20 ml) with extensive evolution of Nz. The solution was concen- 
trated in vacua to a quarter of the original volume and kept at -20°C under an 
argon atmosphere to give VII as dark brown crystals (0.12 g, 70%). 

RhHfP(c-C&,,),), (VIII)_ Compound V (0.26 g, O-2 mmol) was dissolved in 
benzene (15 ml) and the solution was heated at 6Or7O”C for 3 h with a con- 
stant stream of argon bubbling through the solution. Concentration in vacua 
gave a brown oily solid. Several attempts to obtain a crystalline sample have 
failed_ Extreme sensitivity of the product toward air has prevented an accurate 
elemental analysis. Compound VIII was also obtained by heating a benzene 
solution of III under argon. 

RhH(P(i-Pr& (X). THF (35 ml), P(i-Pr), (1.0 ml, 5 mmol), and 1% Na/Hg 
(40 g) were added successively to the brown solid obtained from RhC13 - 3 H,O 
(O-98 g, 4 mmol) and P(i-Pr), (1.6 ml, 8 mmol) in the manner employed for II. 
The mixture was stirred at room temperature for 20 h. The filtered reaction 
solution was dried in high vacuum (10e3 mmHg) to remove excess P(i-Pr),. 
Recrystallization of the resulting dark brown solid residue from pentane con- 
taining free P(i-Pr), (0.5 ml) gave X as yellow crystals (1.4 g, 60%). 

- RhH,(PPh(f-Bu)d, (XI). Hydrogen was passed through a solution of I 
(0.34 g, 0.6 mmol) in pentane (50 ml) at room temperature. The concentrated 
mixture was kept under I&. at -20°C to give yellow crystals of XI (0.26 g, 
80%) _ 

RhHJP(t-Bzt),), (XII). Reaction of II with H2 under conditions similar to 
those employed above gave yellow crystals of XII in 20% yield_ The compound 
RhH, [ P(t-l3u) ] 3 2 was also obtained by treating VII with Hz. 

R~H,(P(c-C,H~,)~), (XIII). (a) The brown reaction mixture of RhCl, - 3 H,O 
(0.25 g, 1 mmol) and P(c-CJI,,), (0.62 g, 2-2 mmol) (obtained by a similar 
procedure to that employed for the preparation of III) was stirred with 1% 
Na/Hg (20 g) under a hydrogen atmosphere for 20 h. The filtered mixture was 
concentrated in vacua- The yellow solid residue was recrystallized from 
n-hexane under H2 to give pale yellow crystals of XIII (O-38 g, 53%). The crys- 
tals were dried under a Hz stream. (b) Hydrogen was passed through a suspen- 
sion of V (0.2 g, 0.15 mmol) in n-pentane (10 ml) at room temperature for 
0.5 h to give a clear yellow solution_ On standing at -20°C RhH,(P(c-C&I,,),), 
(C-09 g, 45%) precipitated from the solution. 

RhH3(P(i-Pr)& (XIV). Hydrogen was bubbled through a solution of RhH- 
(P(i-Pr),),, X (0.23 g, 0.4 mmol) in n-pentane (10 ml) at room temperature_ The 
solution was concentrated to 5 ml and kept at -40” C under H, to give dark 
yellow crystals. Recrystallization from n-pentane gave an analytically pure sam- 
ple of XIV (0.13 g: 76%). 

X-ray data collection 
Single crystals of VI, [ RhH(P(i-Pr),),] &-N,), were obtained by recrystalliza- 
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tion of VI from a pentane solution under argon. Owing to the extreme sensitiv- 
ity of the compound to oxygen, the crystals were handled under an argon 

atmosphere. It was only during &he actual data collection process that any 
exposure to nitrogen occurred, at which time the temperature was sufficiently 
low (-85” C) to preclude any possible reaction_ The same crystal was used both 
for preliminary photographic measurements and for the data collection. The 
Weissenberg and precession photographs of this crystal encapsulated under Ar in 
a capillary showed no apparent symmetry other than the trivial center of sym- 
metry and n& systematic absences_ A Delaunay reduction of the derived cell 
constants revealed no hidden symmetry. The centrosymmetric space group 
C,‘-Pi was assumed, and is confirmed by the eventual successful refinement_ 
The room temperature cell constants lead to a density of 1.25 g/cm3 calculated 
for two Rh2P4C3&6NZ units in the cell, in good agreement with the observed 
density, 1.26(l) g/cm3 (measured by flotation in aqueous ZnCl& 

For data collection the crystal was removed from the capillary and was 
mounted on a Picker diffractometer directly in a stream of cold nitrogen gas * 
at an estimated temperature of -85°C; this temperature never varied by more 
than 15O during the course of the data collection_ We chose this temperature 
since crystals shattered at -15O”C, apparently because of a sluggish phase 
transition commencing at ca. -100°C. Data collection and reduction were car- 
ried out as described previously [49]. A total of 9116 reflections (8852 unique 
in Pi) were collected in the range 4.0 < 2 ~(Mo-K,,) < 51.6” _ Six reflections 
were chosen as standards and were remeasured every 100 reflections during the 
data collection; their intensities showed no significant fluctuation or deteriora- 
tion. The data were corrected for absorption effects *:b. Information regarding 
the data collection is summarized in Table 5. 

Solution and refinement of the structure 
Scattering factors for nonhydrogen atoms are those used previously [ 51]_ 

The scattering factors for hydrogen atoms are from Stewart, Davidson, and 
Simpson [ 521. Anomalous dispersion terms [ 511 for the rhodium and phos- 

phorus atoms were included in F,. 
Positions of the rhodium and phosphorus atoms consistent with space group 

Pi were deduced from a Patterson map, and the remaining nonhydrogen atoms 
were located by Fourier methods. After several cycles of refinement in which 
the carbon atoms were refined isotropically and the rhodium, phosphorus, and 
nitrogen atoms were refined anisotropically, the positions of most of the hy- 
drogen atoms of the isopropyl groups and the two hydrido ligands were clear 
from a difference Fourier map. The isopropyl hydrogen atoms were placed in 
idealized locations (C-H distance 0.95 a, tetrahedral angles), each given an iso- 

* The design of the apparatus is from J.C. Huffman 1481. 
* * Computer programs used in the data reduction and refinement include AGNOST. the Northwest- 

em absorption program. modified versions of Zalkin’s FORDAP Fourier summation program. 
Busing’s and Levy’s ORFFE error function proaam. and Johnson’s ORTEP plotting propam. 
NUCLS, our full-matrix least-squares program. in its nongroup form closely resembles the Busing- 
Levy ORFLS program. The diffractometer was run under the disk-oriented Vanderbilt system 
[50]. Final calculations were carried out by remote hook-up to the CDC 7600 computer at Lawrence 

Berkeley Laboratory_ The same programs xvxe employed. 
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TABLE 5 

SUMMARY OF CRYSTAL DATA AND INTENSITY COLLECTION FOR [RhH<P<i-Pr)&l#-N2). VI 

Compound 
Formula 
Temperature 
FormuIa weight 
a 
b 

E 

; 

Y 
V 
z 
Density (talc) 
Density cobs) 

[RhH(P(i-Prh)212~-N2-N2) 
C36H86N2P4Rhz 
-85°C 
876.81 arnu 
12.703<16) A 
16.455(16) A 

11.389<8) A 
90_25<9)O 

103_87<3)O 
97_58(3)O 
2289 A3 
2 
1.272 g/cm3 <-85°C). 1.25 g/cm3 (25%) 
1,260) g/cm3 (25OC) 

Space group 
Crystal shape and dimensions a 

crystal volume 

Radiation 
Linear absorption coefficient 
Transmission factors 

Takeoff angle 

Scan speed 
Scan range 

28 limits 
Background collection 

Final number of.variables 
Unique datayd in final 

refinement 
Unique data, Fz > 3o(F$ 

R (on Fo2. all data) 
R, <on Fo’. all data) 
R <on L=o for F; > 3o(F;)) 
R, (on F. for F; > 3o<F;)) 
Error in observation of 

unit weight 

c$i 
h-regular hexagonal plate, faces of forms {loo} (0.46). 

{Oli} (0.38). {Oil} (0.46). {OlO} (0.29) and {ill} (0.60) 
0.0551 nun3 

MO-K, (h(Mo-K,,) 0.709300 A) 
8.71 cm-l 
0.664 to 0.797 
3.2O 

2” in lS/min 
1.2O below Karl peak to 1.15O above 

Ka2 Peak 
4.0 to 51_6O 
10 set for 28 less than 46.9O. 
20 set for 20 greater than 46.9O. 
aII with rescan option 
405 
8852 

6124 

0.098 
0.122 
0.051 
0.060 
1.64 eiections 

o The perpendicular distance between the indicated face and its Friedel mate is given in parentheses <in 
XIlm). ’ This includes reflections with Fo2 < O_ 

tropic thermal parameter B 1.0 a2 greater than that of its attached carbon 
atom, and held fixed during all subsequent refinement. A table of positional 
and thermal parameters for these hydrogen atoms is available *. The hydrido 
hydrogen atoms were fixed at 1.60 13 from the respective rhodium atoms until 
the final refinement cycle, during which their positional and isotropic thermal 

parameters were refined. 
After the hydrogen atoms had been located and their contributions to F, 

* See NAPS document no. 03486 for 66 pages of supplementary material. Order from NAPS, c/O 

Microfiche Publications. P-0. Box 3513. Grand Central Station. New York, N.Y. 10017. Remit in 
advance. in U.S. funds only S 15.00 for Photocopies or $ 3.00 for microfiche. Outside the U.S. 
and Canada add postage of S 3.00 for Photocopy and S 1.00 for microfiche_ 
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TABLE 6 
POSITIONAL AND THERMAL PARAMETERS <X104) FOR THE ATOMS OF [RhH(P(i-Pr),),l,ti-N2) 

Atom 5 Y t *I, 
b 

B22 B33 *12 *13 *23 

:A21 

0 Estimated standard deviations in the least significant figure are given in parentheses. b The form of the 

anisotropic thermal ellipsoid is: Esp[-_(BIIh2 + B22k2 + i333i2 + 2B,2hk + 2B13hZ + 2523kZ)]_ 
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had been included, all nonhydrogen atoms were refined anisotropically. In the 
final cycle of anisotropic refinement, the function minimized was 
Zlw(F,,* - F,*)’ and all unique data were used, including reflections for which 
F,,* < 0. The final agreement indices, computed on F, for those reflections with 
F,,* 2 3o(F,,*), are R = O-051, R, = O-060_ Table 5 lists other agreement indices. 
A final difference Fourier map revealed no peaks above 1 e/A3 except for 
ripples (1.5(2) e/A3) within 1 A of the rhodium centers. The final positional 
and thermal parameters for the nonhydrogen atoms and the hydrido ligands are 
listed in Table 6. A listing of 10 IF0 I vs. IF, I is available (see footnote on p_ 198). 
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