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Summary

The reaction of CO with CH,CL, solutions of [Rh(dppb),] *X~, where X =
BF, or PF, and dppb = Ph,P(CH,),PPh,, yields the binuclear complex
[Rh,(dppb);(CO).,]** and uncoordinated dppb. This complex was isolated in
the solid state as the PF, salt and characterized by single crystal X-ray diffrac-
tion. The structure consists of two trigonal bipyramidal RhP,(CO), cores
bridged by a dppb ligand via axial coordination sites. The CO ligands are cis and
occupy equatorial sites and the chelating dppb ligands span equatorial and axial
sites of their respective coordination cores. One binuclear molecule
(Rh,(dppb);)(CO).]1(PF,), is contained in the P1 unit cell such that an inver-
sion center exists in the center of the backbone of the bridging dppb ligand.
The unit cell dimensions are a = 12.385(2), b = 15.286(2), ¢ = 12.353(4) X a=
99.77(2), = 107.03(2), v = 103.66(1)°, and V = 2100 A3. A total of 5780 ob-
served reflections were used to solve the structure and the final R value was
0.060. The formation of the binuclear complex in acetone solution was moni-
tored by *'P{'H} NMR. The complex is fluxional at 25° C but exhibits a com-
plicated pattern at —65°C in addition to a sharp singlet due to uncoordinated
dppb ligand.

Introduction

Recent studies on the catalytic properties of metal complexes with chelating
diphosphine ligands Ph,P(CH,),,PPh, have shown considerable rate differences
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as a function of the diphosphine chelate ring size [1—5]. Studies in our lab on
the homogeneous catalytic decarbonylation of aldehydes using Rh-
[Ph,P(CH,),PPh,],” complexes with n = 1—4 showed that the rate was a maxi-
mum for n = 3 {1,6,7]. For example, at 115°C using catalyst concentrations of
0.001 M the rates for decarbonylation of benzaldehyde in turnovers hour™?! are
0.40, 3.6, 11.0 and 1.2 forn = 1, 2, 3 and 4, respectively [6,7]. These rate dif-
ferences presumably result from a complicated variation in effective ligand
basicity, metal complex stereochemistry, and the stability of intermediates [ 7].
in order to understand such effects we are examining these catalytic decar-
bonylation reactions by in situ spectroscopy (high temperature IR and NMR)
and by the isolation and characterization of reaction intermediates. It is also
important in general to determine the structural differences between Rh!-Ph,P-
(CH,),,PPh, complexes as a function of n since many such systems behave as
excellent homogeneous catalysts for various reactions [{1,2,4,8—10].

For the decarbonylation of aldehydes, the only observable intermediates are
carbonyl adducts of Rh[Ph,P(CH,),,PPh,;]," wheren=1,3and 4. Inthen =2
case, carbonyl adducts have not been observed [11]. Simple mono carbonyl
adducts [ Rh(diphosphine),CO]BF; are isolated for n = 1 and 3. These com-
plexes are trigonal bipyramidal (TBP) or distorted TBP in solid and solution as
determined by *'P NMR for n = 8 [11,12] and by single crystal X-ray diffrac-
tion for n = 1 [12]. In the case of n = 4 (dppb ligand), the reaction of CO with
[Rh(dppb),]BF; has been examined and several carbonyl complexes are
formed. One of these showed two distinct v(CO) stretching frequencies in the
IR and was found to be the binuclear complex [ Rh,(dppb);(CO),;]1(BF,), in the
solid state by single crystal X-ray diffraction (vide infra). It is interesting that
only impure samples of ““[ Rh(dppb),CO]CI’’ have previously been reported and
complex P NMR patterns led to uncertain structural conclusions [11]. The
X-ray structural characterization of this binuclear complex is reported here.
With the exception of one brief abstract [13], to our knowledge this is the first
single crystal X-ray structural characterization of a dppb metal complex.

Experimental

SIP{1H} NMR spectra were recorded at 40.5 MHz using a Varian Associates
XL-100-FT instrument and chemical shifts are referenced to external standard
85% H,PO, with positive shifts (§) in ppm downfield. Infrared spectra were
recorded on a Perkin Elmer Model 283 spectrometer. Hydrated Rhiil chloride
was obtained on loan from Johnson-Matthey, Inc., and 1,4-bis(diphenylphos-
phino)butane (dppb) was purchased from Strem Chemicals and used without
further purification.

Svyrnthesis of compounds

[Rh(dppb),]BF ;. Rh,Cl,(COD), (COD = 1,5-cyclooctadiene) [14] (140 mg,
0.57 mmol) was stirred in 25 ml of acetone under a purified N, atmosphere.
Upon addition of AgBF, (128 mg, 0.66 mmol) to this slurry, the rhodium com-
plex dissolved and a white precipitate formed leaving a pale yellow solution.
This solution was refluxed for 30 min and filtered. The filtrate was added to a
toluene solution (30 ml) of dppb (2.6 g, 5 mmol) giving a dark red solution.
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Slow evaporation of the acetone yielded deep red crystals. All manipulations
were carried out under a N, atmosphere using standard Schlenk techniques.
[Rh(dppb),]BF; may be recrystallized from dichloromethane-diethyl ether
solution. The PF,~ salt was prepared in a similar manner. Anal. Found: C.
64.65; H, 5.58. Calcd. for RhCH;P,BF,: C, 64.51; H, 5.38%. 3'P {'H} NMR
at 25°C (acetone-dg): § 21.0 ppm, d, J(Rh—P) = 137 Hz *.

[Rh,(dppb)y(CO),J(BF 4),. [ Rh,(dppb)(CO),}(BF.), was prepared in good
yield by bubbling CO through a CH,Cl, solution of [Rh(dppb),]BF, (100 mg)
for 15 minutes. Bright yellow crystals of the product were obtained by layering
diethyl ether on top of the CH,Cl, solution in a tube under an atmosphere of
CO. Analytically pure samples may be obtained after washing thoroughly with
ether to remove dppb and recrystallizing under a CO atmosphere. Anal. Found:
C, 59.57; H, 5.22. Caled. for Rh,CgHg PO, B, Fg: C, 59.73; H, 4.79%. Infrared
(KBr disk): 2020, 1965 cm ™. The PF,~ salt was synthesized in an analogous
manner. In solution this complex readily lost CO so 3!'P NMR spectra were
recorded using acetone solutions saturated with CO. *'P{'H} NMR at 25°C
(acetone): broad peaks: 6 23 and 20 ppm in the presence of some uncoordi-
nated dppb (6 —17 ppm, broad) *. At —65°C the resonances sharpened and a
very complex pattern resulted: 8 17.6 ppm, d, J = 22 Hz; 20.1, mult; 22.5,
mult; 24 .6, s; 25.5, s; 26.7, s; 27.5, 5; 28.9, 5; 30.1,5; 30.9, s; 33.1, s5; and free
dppb at —19.3, s **,

X-ray structure determination

A single crystal of [Rh,(dppb);(CO),](PF,), was mounted inside of a 0.2
mm capillary tube and secured with a small amount of five-minute epoxy resin.
The capillary was sealed under one atmosphere of carbon monoxide. The crys-
tal dimensions were 0.3 X 0.2 X 0.2 mm. The crystal class was determined to be
triclinic by the automatic peak searching, centering and indexing programs of
the Enraf-Nonius SDP-CADA4 system. The Delaunay reduction of cell parame-
ters did not suggest a higher symmetry space group and successful solution and
refinement was achieved using the centric space group P1 (vide infra). The unit
cell dimensions were determined by least-squares refinement of the angular val-
ues of 25 Mo-K, (A = 0.71069 A) peaks centered on a CAD4 diffractometer
and are a = 12.385(2), b = 15.286(2), ¢ = 12.353(4) &, a = 99.77(2), 8 =
107.03(2), ¥ = 103.66(1)°, V = 2100 A>. The measured density of 1.48 g/cm?
(flotation) agrees with the calculated density of 1.492 g/cm?® using Z = 1 and
molecular formula: Rh,P;CyHyO.F |, (M = 1887). A total of 7554 unique
reflections were measured in the scan range 260 = 0—50° on a CAD4 automatic
diffractometer using graphite monochromatized Mo-K, radiation and employ-
ing a variable rate w—26 scan technique. No decay was noted in the intensity
of three check reflections measured at intervals of 200 sequential reflections.
After correction for Lorentz, polarization and background but not for absorp-
tion (1 = 6.1 em™) effects, 5780 reflections were judged observed [F,* =

* The nature of [Rh(dppb);1BF4 in CH2Cla or acetone solution is uncertain since at iow tempera-
tures a very complicated 31P {1 H} NMR spectrum is observed: however, in the solid state the
cation is four—coordinate with a coordination geometry which is intermediate between square-
planar and tetrahedral as determined by single crystal X-ray analysis [15].

** This spectrum was recorded after adding CO to an acetone solution of [Rh(dppb)>1BF,.



Fig. 1. ORTEP drawing of the molecular structure of fRhj, (dppb)3(CO)4]2‘*. Only the unique part of the
structure is shown (an inversion center in the middle of the C8—C8 bond relates this unit to its equivalent
counterpart. Ellipsoids are drawn with 30% probability boundaries.

3.000(Fy*)] and were used in all subsequent calculations *. Conventional heavy
atom techniques were used to solve the structure, and refinement with all non-
hydrogen atoms thermally anisotropic by full-matrix least-squares methods
(334 variables), converted R and R, to their final values of 0.060 and 0.086,
respectively **. The error in an observation of unit weight was 2.24 using a

* The intensity data were processed as described in ref. 29. The net intensity I is given as
K
I=—(C—TB
NPI ( )
where K = 20.1166 (attenuator factor), NPI = ratio of fastest possible scan rate to scan rate for the
measurement, C = total count, B = total background count and T = ratio of total count time to
background count time and is 2. The standard deviation in the net intensity is given by

K 2
oty = (KE) [C + 4B + (pD?)

where p is a factor used to downweight intense reflections. The observed structure factor ampli-
tude Fg is given by

Fo = {/Lp)t”

where Lp = Lorentz and polarization factors. The d(Z)’s were converted to the estimated errors in
the relative structure factors g(Fg) by
1 o)
o(Fg)=7— Fqg .
For=3 - Fo
All calculations were carried out on a PDP 11/34 computer using the Enraf-Nonius SDP programs.
This crystallographic computing package is described in ref. 30.
** The function minimized was Sw(lFg | — 1F; )2 where w = 1/6%F(). The unweighted and weighted
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Fig. 2. ORTEP stereoview of [Rh;(dppb)3(C0O)312*.

value of 0.04 for p in the g(I) equation. The largest peak in the final difference
Fourier map was 1.3 e /A2 and was located midway between C4D and C5D. No
new chemically significant features were noted in this map and since hydrogen
positions were not readily located, they were not included in the model.

The final atomic coordinates with their estimated standard deviations and
the final thermal parameters are given in Table 1 *. Scattering factor tables and
anamalous dispersion terms (included for all refined atoms) were obtained from
ref. 31, Tables 2.2B and 2.3.1, respectively. Hydrogen atoms were not located
nor included in any calculations. Figure 1 presents an ORTEP perspective of
the asymmetric unit which consists of one-half the molecular formula. The
molecule possesses an inversion center in the middle of the bridging dppb
ligand. Figure 2 presents an ORTEP stereoview of the entire binuclear mole-
cule.

* Supplementary material is available from the authors on request.

residuals are defined as follows:

R =(ZWFgl— [Fl)/TIFg L

and

Ry, = [(Sw(lFgl— IF D)2 (Sw)IFg 211/2

The error in an observation of unit weight is
Tw(lFgl— F.h2/(NO — NV)]112

where NO and NV are the number of observations and variables, respectively.
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Discussion

The reaction of CO with [Rh(dppb),}X where X = BF, or PF, in CH,Cl,
solution at 25°C results in the loss of a dppb ligand and the formation of a
binuclear dppb-bridged tetracarbonyl complex [ Rh,(dppb);(CO),1(X),, I,
which is isolated in the solid state. 3'P{'H} NMR at —65°C of the resulting yel-
low solution shows the presence of uncomplexed phosphorous (6 —19.3 ppm)
and a complicated pattern centered at approx. § 26 ppm (see Experimental).
At room temperature the resonances are broadened due to exchange between
coordinated and uncoordinated dppb. The complex 3!P pattern may be due to
the presence of several compounds in solution but upon crystallization,
induced by adding diethyl ether, the binuclear complex I is obtained along with
crystals of dppb. Crystals of I are bright yellow and are obtained in high yield
providing all operations are carried out under an atmosphere of CO. This com-
plex is most easily identified by its infrared spectrum which exhibits two strong
v(CO) bands (KBr disk, 2020 and 1965 cm™!). I contains two TBP RhP;(CO),
coordination cores with cis CO ligands and bridged by a dppb ligand via axial
TBP sites (vide infra).

It is not surprising that a previous 3>'P NMR analysis of this system (as the
chloride salt) was inconclusive due to the complexity of the spectra [11]. It is
noteworthy that reaction of [Rh,(COD),Cl,] with CO and two equivalents of
diop (diop = 2,3-0O-1sopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-
butane) in toluene yields { Rh(diop),(CO),1Cl, II, which contains one mono-
dentate and one bidentate diop as determined by 3'P NMR and infrared spec-
troscopy (IR, »(CO) = 1974 and 1927 ecm™!) [11].

P"\ +
| >

%
Rh
\/_\
P P

C
O
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The single crystal X-ray structure of I as the PF salt has been determined.
The crystal structure consists of one binuclear molecule in each centric P1 unit
cell. The molecule possesses an inversion center in the middle of the bridging
dppb ligand backbone. Figures 1 and 2 illustrate the overall molecular geome-
try. The Rh centers are well separated (8.437 A) and therefore will exhibit
chemistry characteristic of five-coordinate monomeric complexes. The dicata-
tions and PF, anions are well separated. The shortest interionic contacts are
2.973(8) and 3.286(6) & for 01---F6 and O2---C2A, respectively. The inner-
coordination core of the dication is shown in Fig. 3 along with selected dis-
tances and angles. Distances and angles within the dication are presented in Ta-
ble 2.

The geometry of the coordination core around Rh is close to ideal trigonal

(Continued on p. 222)



Fig. 3. ORTEP drawing of the coordination core around Rh with selected distances and angles.

TABLE 2

SELECTED DISTANCES AND ANGLES IN [Rho(dppb)3(C0O)41%*

Distances (A)

Rh—P1
Rh—P2
Rh—P3
Rh—C1
Rh—C2
C1—01
Cc2—02
C3—~C1
C4—C5
C5—~C6

Angles (degrees)

P1—Rh—P2
f1—~Rh—C1
Pi -Rh—C2
P1—Rh—P3
P3—Rh—P2
P3—Rh—C1
P3—Rh-—C2
Rh—C1—01
P1—C3—C4
C3—C4—0C5

2.360(1)
2.433(1)
2.365(1)
1.922(5)
1.886(4)
1.139(6)
1.135(5)
1.5374(7)
1.525(7)
1.565(6)

97.56(4)
81.0(1)
86.2(1)
165.70(%)
96.49(4)
88.5(1)
89.6(1)
173.0(2)
114.2(4)
115.0(4)

P1—-C3
P1—C1A
P1—-C1B
P2—C6
P2—C1C
P2—-C1D
C7—C8
c8—Cga
Cl1—C2

P2—Rh—C1
P2—Rh—C2
C1—Rh—C2
Rh—P1—C3
Rh—P1—ClA
Rh—P1—C1B
ClA—P1—C1B
Rh—C2—02
P2—C6—C5
Cc1—C5—C6

1.843(5)
1.839(5)
1.817(5)
1.843(1)
1.824(1)
1.834(5)
1.553(6)
1.560(7)
3.461(7)

111.1(1)
118.1(2)
130.7¢(2)
117.5(1)
120.3(1)
106.8(1)
102.4(2)
176.6(5)
110.8(3)
113.6(1)

P3—C7
P3—C1E
P3—C1F
P1—P2
P1—C1
P1—C2
P3—P2
P3—C1
pP2—C2
P2-C1

Rh—P2—C6
Rh—P2—C1C
Rh—P2—C1D
Rh—P2—-C7
Rh—P3-—Cl1E
Rh—P3—CI1F
C1lE—P3—C1F
Cl1C—P2—C1D
P3—C7—C8
C7—C8—C8* ¢

1.841(4)
1.851(1)
1.836(4)
3.606(2)
2.884(4)
2.921(3)
3.580(1)
3.007(3)
3.715(5)
3.602(5)

113.7(1)
119.5(1)
116.1(2)
118.2(1)
112.0(2)
116.9(1)
162.1(2)
102.6(2)
114.8(3)
107.9(4)

¢ Atom C8Y is related to C8 by an inversion center.
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bipyramidal (TBP) with the two CO ligands occupying equatorial sites. The
bridging dppb ligand spans axial sites of the two Rh coordination cores. The Rh
atom is within 0.04 A of the trigonal plane formed by P2, C1 and C2 (see Ta-
ble 3, plane 1). The L—Rh—L angles within the trigonal plane are 111.1(1),
118.1(2), and 130.7(2)° while the axial—Rh—equatorial angles are 97.56(4),
84.0(1) and 86.2(1)° for P1—Rh—L and 96.49(4), 88.5(1) and 89.6(1)° for
P3—Rh—L, all close to ideal TBP values.

The trans Rh—P(axial) bond distances (av. 2.363(1) A) compare favorably
with those reported for other rhodium(I) complexes which contain a trans
P—Rh—P unit (range 2.31—2.37 &) [12,16—20]. The Rh—P2 distance within
the equatorial plane of the TBP is considerably longer (2.433(1) &). This
lengthening probably results from the combined trans influence of the two
equatorial CO ligands. The Rh—CO distances average 1.904(5) A which is
longer than usually observed in Rh! complexes (typically 1.81—1.84 X)

[ 21—23]; however, this distance is similar to that observed in [Rh(dppm),CO1-
BF, where dppm = Ph,PCH,PPh, [12], the C—O distances (av. 1.137(6) A) and
Rh—C—O angles (av. 174.8(5)°) are normal.

The P1—Rh—P2 chelate bite angle (97.56(4)°) is somewhat larger than values
observed in five-coordinate Rh' complexes of Ph,P(CH,) ;PPh, = dppp. For
example, in Rh{Cl),(COPh)(dppp) the chelate bite angle is 94.23(3)° [24].
Within the dppb ligands, the phosphorous—phenyl bond distances range from
1.817(5) to 1.851(4) A and average 1.834 A, in good agreement with results
from other diphosphine complexes [12,24—27]. The C—P—C angles range from
99.7(2) to 104.0(2) and average 102.5°. This contraction of C—P—C angle from
the tetrahedral value of 109.5° is characteristic of metal phosphine complexes
[28]. The remaining distances and angles within the dppb ligands are normal.
There are no significant differences in bond distances and angles within the two
different dppb ligands. The six phenyl rings have normal distances and angles
and are planar within experimental error (Table 3).

The PF, anion refined to give normal distances and angles. The P—F dis-
tances range from 1.528(5) to 1.593(4) X and average 1.562 A and the F—P—F
angles are consistenf with octahedral geometry within experimental error.

The reaction of CO with Rh(diphosphine),” complexes is surprisingly depen-
dent on the chelate ring size of the diphosphine ligand. The formation of Rh-
(dppm),(CO)* and Rh(dppp),(CO)", the absence of a CO adduct of Rh(dppe),*
(dppe = Ph,P(CH,),PPh.), and the formation of the binuclear complex Rh-
(dppb);(CO),2* llustrates the variety of reactivities. Since these CO adducts
have also been isolated from the catalytic decarbonylation reaction mixtures
containing Rh(diphosphine),” and benzaldehyde [1,6,7], an understanding of
these reactivity differences is important for a determination of the catalytic
reaction mechanism. Recent evidence has been obtained which shows that Rh-
(dppb),” does not have a simple square-planar geometry in the solid or solution
phases (see Experimental) and-therefore a detailed study of the stereochemistry
of the Rh(diphosphine),” complexes is being undertaken.
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