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Abstract

Multinuclear NMR data (33C, 3P, Bc—{3'p}, *C—{*3Rn} and 3P-{1%3Rh}) for a series of mono- and di-substituted derivatives of
Rh4(CO),¢ containing neutral two electron donor ligands [Rhe(CO),sL, (L = NCMe, py, cyclooctene, PPhy, P(OPh);,1/2( up,mtin'
dppe)); Rh(CO),,(LL), (LL = cisCH,=CMe-CMe=CH,, dppm, dppe, (F(OPh),),)] are reported; these data show that the solid state
structure is maintained in solution. Detailed assignments of the **CO NMR spectra of Rhy(CO),5(PPh;) and Rh(CO),,(dppm) clusters
have been made on the basis *C—{1%3Rh} double resonance measurements and the specific stereochemical features of the observed long
range couplings in these clusters have been studied. The stereochemical dependence of 3XP—C) for terminal carbonyl ligands is discussed
and the values of *XP—C) are found to be mai nly dependent on the bond angles in the P-Rh—Rh—C fragment; these data enable the fine
structure of the complex multiplets in the *C—{*H} and **P-{*H} NMR spectra of Rh(CO),, (dppm) to be simulated. Variable
temperature *C—{*H} NMR measurements on Rh¢(CO),5(PPh,) reveal the carbonyl ligands in this complex to be fluxional. The
fluxional process involves exchange of all the CO ligands except the two terminal CO's associated with the rhodium trans to the
substituted rhodium and can be explained by a simple oscillation of the PPh, on the substituted rhodium atom aided by concomitant
exchange of the unique terminal CO on this rhodium with adjacent u,-CO’s. © 1998 Elsevier Science SA.

Keywords: Multinuclear NMR; Rhg(CO),4; Rhodium

1. Introduction structure and fluxional processes of clusters to be eluci-
dated in solution. Direct decoupling techniques {3'P,
13Rh} together with PANIC simulation of the observed
resonances can be used successfully in such structural
studies. The latter approach does not require complex
hardware, as for example in the case of “*C—{1%3Rh}

measurements, but requires a good experimental

Multinuclear NMR is a very useful and powerful
method for elucidating the structure of organometallic
compounds in solution. A great deal of structural infor-
mation has been obtained using **C NMR spectroscopy
in the study of transition metal carbony! clusters, see for

example Refs. [1-6] and the references therein, includ-
ing the structural characterization of reactive cataytic
species [7]. The presence of other magnetic nuclei in
transition metal carbonyl clusters (TMCC's) (e.g., 'H,
$p 1%Rh, *°py) is particularly useful since the multi-
plicity of the NMR resonances and the dependence of
the spin—spin coupling constants (SSCC) allows the

* Corresponding author.

! This paper is dedicated to Professor Ken Wade on his retirement
for his outstanding contributions to chemistry and particularly to
enabling a better understanding of cluster chemistry.

0022-328X /98 /$19 00 © 1998 Elsevier Science S A All riahts reserved.

database in order to provide the necessary insight into
the variations of spin—spin coupling constants with
systematic changes in stereochemistry in quite compli-
cated molecules. In the present paper, we report high
resolution multinuclear NMR studies of substituted
derivatives Rh,(CO),, with various two-electron donor
ligands. NCMe, py, cyclooctene, dimethylbutadiene,
PPh,, P(OPh),, dppm, dppe. Variable temperature NMR
measurements allow the molecular structure of the clus-
ters in solution to be established together with a detailed
understanding of the mechanism of CO-migration in
Rh,(CO),5(PPh,). The effect on the magnitude of the
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long range SSCC's of variations in the relative stereo-
chemistry of P-donor and CO ligands in substituted
derivatives of Rhy(CO),, is also analysed.

2. Results and discussion

2.1. Rh4(CO),s substituted derivatives with nonphos-
phorus ligands

2.1.1. Monosubstituted Rh,(CO),; L clusters (L = NCMe
(1), py (1), cyclooctene (111))

Replacement of one CO in Rhy(CO),s by non-phos-
phorus-containing ligands can occur with an ionic lig-
and or a neutral 2-electron donor ligand. Previoudy
reported examples of [Rh(CO,;sL]"" include (n=1,
L=H[8], Cl, Br, I, CN, SCN, OCN, COOR, CONHR
[9]; n=0, L =NCMe (1), py (1) [10], 4-vinylpyridine
[11], cyclooctene (I11) [12], SMe, [13]). X-ray crystal
structure determinations of [Rhy(CO),sL]"™ (n=1, L
=Cl [14], | [15], COEt [16], COOMe [16]; n=0,
L = SMe, [13], 4-vinylpyridine[11]) show that all these
derivatives have similar structures; the ligand, L, substi-
tutes one of the twelve terminal CO's in the parent
cluster with the general disposition of the other CO’s
remaining unchanged. This structure is shown schemati-
caly in Fig. 1 and has idealized C, symmetry. There is
a plane of symmetry passing through Rh(A), Rh(D) and
the centres of the Rh(B)-Rh(B’) and Rh(C)-Rh(C’)
vectors. The expected number of *CO resonances for
this structure, has been discussed earlier [6,8] and con-
firmed in solution by **C, *®Rh and *C—{1°°Rh} NMR
studies of the anionic clusters, [Rh(CO),;sX]~ (X =H,
I, CN, SCN). The *CO spectra of these clusters show
three low field multiplets in the ratio 2:1:1 due to the
5-CO's and these usually appear as distorted quartets
because the coupling to the different rhodiums is almost
the same; the eleven terminal CO’s appear as doublets
with relative intensities 2:2:2:2:2:1. The spectra of the
monosubstituted clusters (1-111) (see Table 1 and Fig. 2)

Fig. 1. Schematic representation of the structure of Rhg(CO),sL.
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Fig. 2. 125 MHz *C—{*H} NMR spectra of Rhs(CO),s(NCMe) at
297 K. (&) Solvent = CDCl,; /PhCD; /NCMe=4/6/1. The termi-
nal CO region only is shown together with a schematic representation
of the splitting pattern of the terminal CO ligands. (b) Solvent =
CDCl; /NCMe= 10/1. The resonances marked with asterisks corre-
spond to Rhg(CO),5 present as an impurity.

have not been assigned in detail but are in complete
agreement with this predicted pattern. An accidental
overlap of two doublets in the spectrum of (1) (Fig. 2b)
can be resolved by changing the solvent (see Fig. 2a) or
by varying the temperature. The noncarbonyl *C NMR
resonances in the spectra of (1) and (1) are entirely in
accord with N-coordination of both ligands.

2.1.2. Rhy(CO),,(n*scissCH,=CMe-CMe= CH2)
(Iv)

The solid state structure of the disubstituted cluster
Rh(CO), (dimethylbutadiene) (IV) has been estab-
lished [17]; the diene ligand replaces two terminal CO's
on the same Rh atom and adopts a symmetrical (n*-s-
cis) coordination (see Fig. 3). The *C NMR spectrum
of (1V), (Fig. 4 and Table 2), is entirely consistent with
this structure being maintained in solution. The two CO
ligands on the Rh trans to the substituted Rh are
inequivalent. The possibility of reorientation of the

Fig. 3. Schematic representation of the structure of Rhg(CO),,(n*-
cisCH, =CMe-CMe=CH,).



Table 1
C-13 NMR spectroscopic data for nonphosphorus ligand substituted derivatives of Rhs(CO),s (See Fig. 1 for numbering scheme)

Cluster w15-CO 8(Co)? Terminal CO Other Assign-
resonances ments

Solvent T K C(1)O Cc(2)0 Cc(3)0 C(4)0 Cc(5)0 C(6)0 Cc(7)0 C(8)0 Cc(9)0
Rhs(CO),;s(NCMe) () b 297 244.2(30.5, 33.8) 233.7¢ (27.7) 230.6° (25.9) 179.8(69.2) 182.8% (70.0) 181.39 (68.4) 181.2¢ (67.9) 179.7¢ (68.6) 178.6" (69.5) 123.9 MeCN
Rh4(CO)s(py) (1D e 320 246.4(22.7,34.7) 233.2¢ (28.5) 230.9° (27.0) 181.3(69.9) 182.5 (70.3) 181.0% (66.5) 180.79 (68.6) 181.4% (68.5) 179.2% (68.7) 153.3 py
138.4
126.0
Rh4(CO),<(cyclooctene) f 297 237.4(27.4) 233.1° (27.7) 231.6° (27.5) 180.9 (71.4) 183.1% (70.4) 181.1% (69.0) 180.5° (65.2) 180.1° (68.1)

a

®Figures in parentheses are 1J(Rh-CO); bPhCD3:CDCI3:MeCN = 6:4:1; “Assignments could be interchanged, relative intensity 1; dAssignments not made, al of relative intensity 2; eCDCIS;
cDCl,: cyclooctene = 95:5.

Table 2
C-13 NMR spectroscopic data for Rhg(CO), ,(n*-cis-CH, =CMe-CMe=CH,) (IV) in CDCl, at 297 K (see Fig. 3 for numbering scheme)
Cluster u3-CO 8(CO)? Termina CO

C(DO C(20 Cc(3)0 C4)o0 C(5)0 C(6)0 C(70 C(8)0 C(90
Rh,(CO),<(dimethylbutadiene) (IV) ~ 2445° (27.6)  239.9° (26.4) 2329(264) 183.7°(70.0) 1835°(69.9) 181.7°(67.0) 180.7°(66.9) 180.6° (67.9)  180.1° (70.0)

2Figures in parentheses are *XRh-CO); PAss gnments could be interchanged, relative intensity 1; Assignments not made, all of relative intensity 2; dAssi gnments could be interchanged, relative
intensity 1.
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Spectroscopic data for P-donor substituted derivatives of the type Rh(CO),sL (For numbering scheme, see Fig. 1)

Rh¢(C0O),5(PPhy) (V)2 Rhg(CO),5{P(OPh),} (VI)P [{Rh(CO); 5}, o, mtim-dppe)] (V1P
Assgnment  8(X)  XRh-CO)  Other SSCC's  6(X) 1XRh-CO) Other SSCC's  8(X) 1XRh-CO)  Other SSCC's
c(1)o 2396 19,19, 20.0 2368 258 2394 261
C(2)0 236.7 274 23509 266 236.29 27.6
C(30 2321 281 23169 275 23229 279
C(4)0 1835 695 d 1809 685 [ 18295 70
C(5)0 182.0 702 181.9"  70.0 183.0" 69.3
C(6)0 180.1 658 180.6" 66.4 182.3"  69.8
C(7)0 1827 69.7 182.0" 695 180.0" 66.4
C(8)0 1821 69.7 e 181.8  68.7 j 1820  69.7 m
C(9)0 1794 687 180.3" 68.3 179.4"  68.6
P 25.4 f 106.3 k 23.3 n
Rh(A) -303¢
Rh(B) -445¢
Rh(C) -347°¢
Rh(D) -484°

%In CDCl, at 250 K;

®In CDCI, at 297 K; °Rh NMR data obtained in CDCl; at 213 K from **C- {1°3Rh} measurements; ¢ 2XP-CO) 13.3 Hz;

e 33p- CO) 20.7 Hz; f LXRNh-P) 134 6 Hz; gASS|gnments not made, all resonances of relative intensity 1; "Assignments not made, all resonances
of relative intensity 2; ' 2XP-CO) 10.3 Hz; | *XP-CO) 36.3 Hz; K 1yRh-P) 240.0, 2XRh-P) 8.6 Hz, ' 2XP-CO) 10.0 Hz, ™ 2XP-CO) 20.0 Hz;

" 1XRh-P) 135.5 Hz.

dimethylbutadiene on the substituted Rh can be elimi-
nated since this would lead to fewer than the observed
number of resonances.

Although ®*C—{1Rh} NMR measurements on (V)
have not been made to enable a detailed assignment of
the u,-CO’'s or the terminal CO’Ss, nevertheless, the
presence of two resonances of relative intensity 1 due to
C(8)0 and C(9)O (Fig. 3 and 4 and Table 2) unambigu-
ously means that dimethylbutadiene is static on Rh(A)
at room temperature.

2.1.3. Monosubstituted derivatives of Rhg(CO),
Rhy(CO);sL (L = PPh, (V), P(OPh),)) (V1)) and
[{Rh(COYys (st 1 i-dppe)] (VII))

The present work, (Table 3) describes NMR studies
on Rhy(CO),;L (L =PPh,; (V), P(OPh), (VI)), and
[{Rh(CO),o},( e, m*:m*-Ph,PCH,CH,PPh,)] (VII).
The solid state structures of (V) [18] and (V1) [19] are
strictly related to all the other monosubstituted clusters
and the schematic representation shown in Fig. 1 will be
used to discuss the relationship between the observed

o T T T
245 240 235 230 ppm 184 182 180

Fig. 4. 125 MHz *C—{*H} NMR spectrum of Rh¢(CO),,(dimethyl-
butadiene) in CDCI ; at 297 K together with a schematic representa-
tion of the splitting pattern of the terminal CO ligands. The reso-
nances marked with asterisks correspond to Rhg(CO),4 present as an
impurity.

spectroscopic parameters and the stereochemistry of the
monosubstituted clusters.

L =PPh, (V).

Variable temperature *C—{*H} NMR spectra of (V)
have already been reported [22] but no carbonyl assign-
ments were made. Above 213 K, (V) exhibits carbonyl
fluxionality and we now describe low temperature mea-
surements which alow unambiguous assignments of
both the **CO and *>Rh resonances, so that the mecha-
nism of the fluxional process, can be understood in
detail.

The 125 MHz “*C—{*H} NMR spectrum of (V) in
CDCI; at 213 K is shown in Fig. 5 and the NMR data
are summarised in Table 3. As expected for the static
structure, there are three sets of resonances due to four
face-bridging carbonyls in the ratio of 2:1:1 due to
C(1D)O, C(2)0 and C(3)0, respectively, and six sets of

o
Jﬂ\bna A JJ

T T T T // T T L
240 232 184 182 180
ppm

Fig. 5. 125 MHz *C—{*H} NMR spectrum of Rhs(CO),5(PPh,) in
CDCl; at 215 K and a schematic representation of the splitting
pattern of the terminal CO ligands.
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Bond angles, dihedral angles and the cis/trans disposition of the P-Rh-Rh-CO fragment about the Rh-Rh bond in Rh4(CO),5(PPh;)

Atoms P-Rh-Rh bond angles (°) Rh-Rh-C bond angles (°) dihedra angles (°) cis/trans disposition (Pn)
P-Rh(A)-Rh(B)-C(5) 111.8 102.8 7 cis-cis(P1)
P-Rh(A)-Rh(B)-C(5') 110.8 104.8 14 cis-cis (P1)
P-Rh(A)-Rh(B)-C(6) 111.8 145.5 94 cis-trans (P2)
P-Rh(A)-Rh(B)-C(6) 110.8 140.8 101 cis-trans (P2)
P-Rh(A)-Rh(C)-C(7) 150.7 97.8 73 trans-cis (P3)
P-Rh(A)-Rh(C)-C(7") 149.5 97.1 80 trans-cis (P3)
P-Rh(A)-Rh(C)-C(8) 150.7 145.6 27 trans-trans (P4)
P-Rh(A)-Rh(C)-C(8') 1495 148.7 33 trans-trans (P4)

terminal carbonyl resonances in the ratio of 1:2:2:2:2:2
(C(4)0-C(9)0). In addition to 1J(Rh—C), long range
couplings "J(P—C) (n=2 and 3) are found for some
terminal carbonyls. There is presently a lack of experi-
mental data long-range coupling constants in transition
metal carbonyl clusters and one of the aims of this
research was to test the applicability of empirical corre-
lations that have been found to be valid for other
compounds for the assignment of such long range cou-
plings. In the case of three bond couplings, two geomet-
rical factors affecting the magnitude of *J(P-C) in a
fragment P—Rh(X)—Rh(Y)—C(Z) need to be considered:

(i) The bond angles P-Rh(X)—Rh(Y) and Rh(X)—
Rh(Y)—C(Z). It is well known that two bond couplings
are greater for trans than for cis-dispositions of interact-
ing nuclei [20]. Extension of this idea to the fragment
P—Rh(X)—Rh(Y)—C(2) in the clusters under considera-
tion leads to the expectation that the two bond angles
(P-Rh—Rh and Rh—Rh—C) should have a marked effect

Table 5

on the value of *XP-C) with trans—trans> trans—cis
= cis—trans > cis—cis; the crystallographically deter-
mined angles for Rh(CO),s(PPh;) are given in Table
5.

(ii) The dihedra angle ¢ between the planes P-
Rh(X)—Rh(Y) and Rh(X)-Rh(Y)-C. In many com-
pounds the magnitude of °J can be related to the
dihedral angle following the Karplus equation [21],
which predicts a minimum value of 3J when ¢ = 90°
and a maximum value of 2J when ¢ = 0° or 180°.

It can be supposed that the magnitude of °J is
controlled by each of these two factors. Thus, *XP—-C)
is expected to reach a maximum when there is a trans—
trans configuration with ¢ close to 0° or 180°. Con-
versely, 3XP-C) will be at a minimum when there is a
cis—cis configuration with ¢ close to 90°. For the
clusters under study, including Rhy(CO),5(PPh,), there
are four configurations of the P—Rh(X)—Rh(Y)-C(2)
fragment, which are described below and in Table 4.

Spectroscopic data for P-donor substituted derivatives of the type Rhg(CO),,(LL) (LL = (P(OPh),),; dppm; dppe) (For numbering scheme, see

Figs. 10 and 12)

trans-Rhg(CO), ,{P(OPh),}, (VIIND?

Rhg(CO),4( po-dppm) (1X)P

Rhg(CO)y4( 1,-dppe) (X)°

Assignment  8(X) 1XRh-CO) Other SSCC's  8(X) 1XRh-CO) Other SSCC's  8(X) 1XRh-CO) Other SSCC's
Cc()Oo 2385 214,285,305 2497 262 252.6°1 30

Cc(20 2350 22.8,29.2 2401 26.0 2394 240

Cc(3)0 181.05 69.0 d 2322 282 232.2°1 280

C(4)0 182.6% 69.3 185.5° 70.7 186.2%%  70.6

C(5)0 183.8% 69.4 e 181.1° 654 180.2%% 64.8

C(6)0 183.6%  69.0 f 1844 681" i 1851  68.0 I
C(Mo 18252 67.0 1831 681 j 184.3%  69.9 m
C(8)0 1833 701 1829 693

C(90 181.7 69.6 k 182.5% 644 n
P 106.5 g 11.6 I 18.6 )
Rh(A) -432P

Rh(B) -306P

Rh(C) -332P

Rh(D) -276P

%n CDCl,/C4HCD; at 297 K; ®In CDCl, a 297 K; “Assignments could be interchanged with corresponding superscript; 42¥pP-c0O) 10.8 Hz;

e3XP-CO) 354 Hz: | 3

JP-CO) 37.8 Hz; ¢ *XRh-P) 241.0, 2XRh-P) 8.0 Hz; "See Fig. 14 for values of other SSCC's; ' 2XP-CO) 7 Hz; | 2XP-CO)

21.7 Hz; k3XP-CO) 22.7 Hz; ¥ *1XRN-P) 141.6, 2XP-P) 47.5 Hz; ' 2XP-CO) 9.9 Hz; ™ 3XP-CO) 19.4 Hz; " 3XP-CO) 20.7 Hz; ° *1XRh-P) 140.1
Hz; PRh NMR data obtained in CDCl ; at 297 from "*C-{°*Rh} measurements.
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cis—cis with ¢ = 0° (C(5) and C(5') P1
cis—trans with ¢ = 90° (C(6) and C(6')) P2
trans—cis with ¢ = 90° (C(7) and C(7')) P3

trans—trans with ¢ = 0° (C(8) and C(8')) P4

For the P1-P3 configurations, factors (i) and (ii) act
in opposite directions resulting in intermediate or small
values of *XP—C). In the P4 configuration, the geomet-
ric effects reinforce each other and would be expected
to result in a maximum value of *XP-C).

Assignment of only two termina carbonyl reso-
nances in the *C—{*H} NMR spectrum of (V) can be
made easily on the basis of either the relative intensity
and/or long range P-C coupling; viz the doublet of
doublets at 183.5 with relative intensity 1 can be as-
signed unambiguously to C(4O arising from both
'J(Rh—C) and “J(P-C). Of all the other terminal car-
bonyl resonances of relative intensity 2, only the reso-
nance at 182.1 ppm shows additional P—C coupling.
From the above discussion, this corresponds to the
unique configuration P4 and allows the unambiguous
assignment of this resonance to C(8)O and C(8)0. This
is an important conclusion, which is further substanti-
ated by direct ®*C—{1°Rh} measurements and also al-
lows Rh(B) to be distinguished from Rh(C).
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Fig. 6. *C—{'*Rh} NMR spectra (50.3 MHz) of Rh4(CO),5(PPhs)
in CDCl, a 213 K: (@) fully coupled, (b) Rn(A) decoupled (c),
Rh(B) decoupled, (d) Rh(C) decoupled, and (e) Rh(D) decoupled.

Assignment of the remaining **C resonances of (V)
has been made on the basis of *C—{'°*Rh} measure-
ments (see Fig. 6). These measurements, in combination
with the coupling model proposed above allow straight-
forward and unambiguous assignment of the *CO reso-
nances, which are summarised in Table 3. The **P—{*H}
NMR spectrum of (V) shows a doublet at 25.4 ppm
with *J(Rh-P) 134.6 Hz. *'P—{**Rh} NMR measure-
ments confirm the Rh(A) frequency found from the
BC—{1Rh} NMR measurements.

Further confirmation of the assignments of the reso-
nances due to the terminal carbonyls on Rh(A) and
Rh(C) is obtained from *C—{3*P} NMR measurements.
Thus, on irradiation of the phosphorus the doublet of
doublets at 183.5 and 182.1 ppm collapse to doublets
(due to residual coupling with Rh(A) and Rh(C), respec-
tively).

In contrast to the parent cluster Rh(CO),s which
shows no carbonyl scrambling below + 70°C,
Rh(CO),(PPh,) is fluxional. Having assigned the lim-
iting low temperature spectra, it is clear from the previ-
ously published variable temperature *C NMR spectra
that all the CO's are involved in exchange except for
C(9)0. A mechanism consistent with the observed vari-
able temperature spectra is shown in Fig. 7; essentially
PPh, oscillates about Rh,. This exchange mechanism
has been confirmed by 2D NOESY measurements.
Crosspeaks linking the following CO ligands are ob-
served: C(1)O « C(4)0, C(2)0 « C(3)0, C(5)0 «
C(7)0, C(6)0 « C(8)0 and C(9)O does not take part in
the exchange.

The proposed mechanism occurs as a result of con-
comitant oscillation of PPh; from being over the
Rh(A)Rh(B)Rh(B')-face to being over the
Rh(A)Rh(C)Rh(C')-face and interconversion of C(1)
with C(4)O and C(4)O as shown in Fig. 7. This con-
certed movement only involves PPh,, C(1DO, C(4)0
and C(4')O which results in the ‘‘ symmetry’’ transfor-
mation of the other pairs of carbonyls (2 3; 5 7;
6 < 8). The fact that C(9)O and C(9)O are not involved
in the fluxional process is due to their unique symmetry
and is entirely consistent with the mechanism proposed.

L = P(OPh); (VD), (p,m"im* — Ph,PCH,CH,PPh,)
VII).

The other two monosubstituted clusters, (VI) and
(VI1), are stereochemically rigid at room temperature
and the general features of the *C NMR spectra corre-
spond closely with those of (V). The observed spectro-
scopic parameters are summarised in Table 3 and the
3C NMR spectra of (VI), recorded at two different
operating frequencies (50 and 125 MHz), are shown in
Fig. 8. Fig. 8b clearly shows that the two doublets at ca.
181.5 ppm, erroneously assigned in previous work [22]
to two inequivalent CO ligands, is actually a doublet of
doublets centered at 181.8 ppm corresponding to C(8)O,
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Fig. 7. Schematic representation of the mechanism of ligand exchange in Rhg(CO),5(PPh,); | shows a top view the octahedron and 11 views the

octahedron from below. (See Fig. 1 for numbering scheme.)

vide supra (Fig. 1). It is worthwhile mentioning one
princi Jaal spectroscopic difference between (V) and (V).
The *'P spectrum of (VI) consists of a doublet of
triplets as compared to a simple doublet for (V); the
additional triplet (8.6 Hz) must arise from >XRh(C)—P)
since only Rh(C) is trans to phosphorus and it is well
known that coupling to phosphites is much larger than
to phosphines.

The solid state structure of (VI1) has previously been
determined [18] and shown to consist of two
{RhG(CO)E}-fragments with a bridging diphosphine lig-
and. The “C—{*H} NMR spectrum of (VII) is entirely
consistent with this structure being retained in solution
and the spectroscopic data (Table 3) are very similar to
those found for (V) and (V1).

2.2. Disubstituted derivatives Rhg(CO),,(LL), (LL =
{P(OPh),}, (V111), dppm (1X), dppe (X))

Two types of disubstituted Rh4(CO), derivatives are
studied in the present paper: Rhy(CO),,{P(OPh);},

(VI1), which contains two triphenylphosphites on
trans-rhodium atoms and Rhg(CO),,( u,,n?diphos-
phine) which contains a w,-bridging ligand (dppm (1X),
dppe (X)) on cis-Rh’s within the Rhg-octahedron. The
solid state structure and preliminary spectroscopic data
for (V111) and (X) have been reported previously [18,22]
and the solid state structure of (1X) has been determined
by X-ray crystallography [19].

LL = {P(OPh),}, (VIII).

The solid state structure of (VI111) is shown in Fig. 9;
the two triphenylphosphite ligands replace terminal CO’s
on trans-Rh’s in the Rhg-octahedron in Rh(CO),. The
symmetry of (VIII) is C, with the C,-axis passing
through Rh(C) and Rh(D). The phosphorus atoms in
(VIII) are chemicaly equivalent and the *C NMR
spectrum (Fig. 10) displays al the first order features
(Rh—C, P-C couplings) described above for the mono-
substituted (V—VI1) clusters. Thus, there are two equally
intense lowfield u,-CO's and two of the five terminal
carbonyl resonances, those centered at 182.6 and 182.5
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Fig. 8. *C—~{*H} NMR spectrum of Rh4(CO),s{P(OPh),} in CDCl,
at 297 K recorded at: (a) 50 MHz, and (b) 125 MHz including a
schematic representation of the splitting pattern of the terminal CO
ligands.

ppm, are simple doublets and can be assigned to C(4)O
and C(7)O because of the trans—cis disposition of these
CO's with respect to the phosphorus atoms of the
P(OPh), ligands; the three other resonances are doublets
of doublets due to two and three bond couplings of the
carbonyl carbons C(3), C(5) and C(6) to the phosphorus
atoms. The values of 2J(P—C) and 2J(P—C) (Table 4)
are very close to those found for (V1).

As found for the monosubstituted derivative (V1), the
3'P NMR spectrum of (VII1) consists of a simple dou-
blet [*1XRh-P)] of triplets [2XRh—P)] due to the two
chemically equivalent phosphorus nuclei.

LL = dppm (IX).

Fig. 9. Schematic representation of the structure of the
Rhg(CO), {P(OPh),},.
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Fig. 10. 125 MHz *C—{*H} NMR spectrum of Rhg(CO), ,{P(OPh),},
in CDCl; /PhCD;=1/3 at 297 K and the schematic representation
of the splitting pattern of the terminal CO ligands.

The diphosphines (dppm and dppe) are popular lig-
ands for the synthesis of carbonyl cluster derivatives.
Both ligands can in principle coordinate to a polynu-
clear metal core in a bridging or chelating mode. An
understanding of the main spectroscopic features associ-
ated with each mode of bonding of the diphosphineis of
considerable importance for the further application of
NMR spectroscopy in the characterization of the struc-
ture of polynuclear carbonylsin solution. The solid state
structures of Rhg(CO),,(LL) (LL =dppm (I1X) dppe
(X)) have been established [18,19] and are shown
schematically in Fig. 11. The *C and *'P NMR spectro-
scopic data are summarised in Table 5.

The observed and simulated *'P—{*H} NMR spectra
of (IX) (Fig. 12) result from an AA XX’ spin system
arising from the chemically equivalent but magnetically
inequivalent P, P and Rh(B), Rh(B') nuclei. ** P—{1%3Rh)}
NMR measurements are aso consistent with the pro-
posed description of the spin—spin coupling; thus, de-
coupling Rh(B) at 7.897570 MHz [ §(***Rh(B)) — 306
ppm] collapses the multi Plet to a broad singlet.

Variable temperature *C—{*H} NMR spectra of (1X)

I
s
5/

Fig. 11. Schematic representation of the structure of Rhg(CO),,( 5,
n%LL) (LL = dppm, dppe; dppm = Ph,PCH,PPh,; dppe =
Ph,PCH,CH,PPh,).
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Fig. 12. 202 MHz *'P—{*H} NMR spectrum of Rh(CO),,(dppm) in
CDCl; at 297 K; top: experimental spectrum, bottom: simulation
using AA' XX’ model, AA = PP, XX’ = Rh(B)Rh(B'). See Table 4
for parameters.

in CD,Cl, show that the cluster is stereochemically
rigid over the temperature range 297 K to 213 K and the
number of carbonyl resonances and their relative inten-
sities are entirely in agreement with the solid state
structure. The spectrum in the face-bridging carbonyl
region consists of three pseudo quartets of relative
intensity 1:2:1 due to C(1)O, C(2)O and C(3)O respec-
tively. The terminal carbonyl region consists of six
resonances with intensity ratio of 1:1:2:2:2:2 due to
C(4)0, C(5)0, C(6)O, C(7O, C(8)0 and C(9)O, respec-
tively. Some of these resonances are quite complicated
due to "X'**Rh—13C) and various long range couplings
including J(P-C), 2J(P-C) and 2J(P-P).

The selective *C—{***Rh} NMR spectra of (IX) in
CD,Cl, at room temperature allow an almost complete
assignment of al the carbonyl resonances. The spectro-
scopic data (125 MHz, CDCl;; 62.5 MHz, CD,Cl,),
along with the assignments, are given in Table 5. Al-
though analysis of the spectrais complicated because of
spin-tickling when carrying out *C—{'°*Rh} measure-
ments on rhodium resonances which are in close prox-
imity, assignment of the **Rh and **CO resonances is
relatively straightforward. Thus, for example, irradiation
at 7.896570 MHz [ (**Rh(A)) — 432 ppm], causes:

(1) the doublet at 181.8 ppm with relative intensity 1,
to collapse to a singlet; therefore this unique terminal
carbonyl resonance must be due to either C(4O or
C(5)0; it is impossible to differentiate between these

Table 6

two groups athough we favour the resonance at 181.8
ppm being due to C(5)O since this CO is directly above
the dppm ligand whereas C(4)O is more similar to the
other terminal carbonyls in this structure.

(2) the doublet at 185.5 ppm with relative intensity 1,
to collapse to a singlet and this unique resonance is
probably due to C(4)O rather than C(5)O, vide supra.

(3) the quartet at 240.1 ppm of relative intensity 2, to
collapse to a triplet as a result of residua coupling with
Rh(B) and Rh(C) and this face-bridging carbonyl reso-
nance must be C(2)O.

As found for (V), the value of *XP-C) in (IX) is
dependent on the stereochemistry and the bond angles
and dihedral angles in the P-Rh(X)—Rh(Y)-C frag-
ments are summarised in Table 6.

The lack of *XP-C) for u,-CO's is probably due to
the longer Rh—CO bond for w,-CO’'s and/or the
unfavourable disposition of the P and u,-CO’s which
are usudly in a cis-configuration.

The only other terminal CO resonance which appears
as a simple doublet occurs at 183.3 ppm and considera
tion of the stereochemical factors (Table 4) and *C—
{**Rh} measurements indicate that this is due to C(8)O
on Rh(C) as aresult of the P3 environment.

The other multiplets at 184.4, 183.1 and 181.7 ppm
are all complicated by long range $p_13C couplings
and have been assigned from “C—{!*Rh} measure-
ments and consideration of Table 4. The resonance at
183.1 ppm is due to C(7)O on Rh(C). This CO ligand
occupies a P4 environment; the resonance has been
simulated [23] assuming a six spin system including *'P,
P, 1®R(B), '°Rh(B), *RN(C), and *C(7) and the
coupling parameters obtained from the simulation are
givenin Fig. 13 and in Table 5.

The resonance at 181.7 ppm can be unambiguously
assigned to C(9)O which is aso in a P4 position. The
stereochemical environment of C(9)O, at least from the
viewpoint of spin coupling, is very similar to C(7)O and
a similar six spin model (3*P, 3P, ®Rn(B), '*Rh(B"),
1%3Rh(D), and *C(9); see Table 5 for parameters) has
been used successfully to simulate this resonance.

The resonance at 184.4 ppm which appears as a

Bond and dihedral angles and the cis/trans disposition of the P-Rh-Rh-CO fragment about the Rh-Rh bond in [Rh(CO), ,(dppm)]

Atoms P-Rh-Rh bond angles (°) Rh-Rh-C bond angles (°) dihedral angles (°) trans/cis disposition
P-Rh(B)-Rh(A)-C(4) 100.42 144.2 -120.5 cistrans (P2)
P'-Rh(B)-Rh(A)-C(4) 99.45 147.7 124.4 cis-trans (P2)
P-Rh(B)-Rh(A)-C(5) 100.42 105.8 -5.7 cis-cis (P1)
P'-Rh(B)-Rh(A)-C(5) 99.45 103.1 11.6 cis-cis (P1)
P-Rh(B)-Rh(C)-C(7) 144.68 145.94 -5.1 trans-trans (P4)
P-Rh(B)-Rh(C)-C(7))O 143.96 146.85 -1.2 trans-trans (P4)
P-Rh(B)-Rh(C)-C(8) 152.54 96.1 -110.7 trans-cis (P3)
P'-Rh(B)-Rh(C)-C(8') 153.81 95.1 108.7 trans-cis (P3)
P-Rh(B)-Rh(D)-C(9') 152.54 151.35 -4.1 trans-trans (P4)
P'-Rh(B)-Rh(D)-C(9) 153.81 147.84 25 trans-trans (P4)
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Fig. 13. (A) Schematic representation of the coupling network used
in the simulation of the resonance centered at 183.13 ppm (assigned
to C(7)) in the *C NMR spectrum of Rh4(CO),,(dppm). The values
of the coupling constants are indicated by arrows. (B) Top: experi-
mental (125 MHz) and bottom: simulated spectrum.

doublet with a shoulder due to *J(P-C) = 7 Hz, can be
unambiguously assigned to C(6)O in accordance with
BC{'3Rh} data This simple three spin model
(BC(6)-1°°Rn(B)-'P) is a reasonable initial approxi-
mation to describe the experimental spectrum. However,
resolution enhancement of this resonance (Fig. 14) re-
veals further fine structure. In order to simulate this
resonance it was necessary to use a six spin system
including *'P, *P, '®Rh(B), *Rh(B'), **Rh(A), and
3C(6) (see Table 5 for parameters). In this model, it is
necessary to use a small value for the two bond ***Rh—
3C coupling. The inclusion of 2XRh—C) is rather un-
usual but can be justified on the grounds that the
coupled nuclei are trans about the central rhodium
atom.

Further confirmation of these assignments comes
from *C—{3'P,*H} measurements which show that both
the resonances at 183.1 and 181.7 ppm collapse to
simple doublets on irradiation at the phosphorus fre-

quency.
LL = dppe (X).

In the case of the dppe derivative (X) (Table 5), the
¥p and **C NMR spectra are similar to those of (1X)
except for the absence of the fine structure arising from
$'P—31p coupling through the CH., bridge of dppm in
(1X). Consequently the NMR spectra of (X) are simpler
than those of (IX) and can be, interpreted (Table 5) on
the basis of the stereochemical discrimination of the
couplings described above for anal ogous phosphine sub-

stituted derivatives. Two types of the **P—3C couplings
are observed in the *C spectrum: >J(P—C) (ca. 10 Hz)
for the carbonyl group C(6)O coordinated to Rh(B) and
*J(P-C) (ca 20 Hz) for C(7)O and C(9)O which are
both in the trans—trans positions (P4) with respect to
the phosphorus atoms of dppe. The **P spectrum of (X)
consists of a simple doublet due to the chemically
equivalent phosphorus atoms of dppe and the absence of
P—P" coupling.

3. Conclusions

Solution NMR data show that the solid state struc-
tures of the mono- and di-substituted derivatives of
Rhy(CO),4 are retained in solution. Important additional
information for the assignment of the carbonyl reso-
nances can be obtained from *C—{1°*Rh} measurements
and, for clusters containing phosphorus donor ligands,
from a consideration of long range P—C couplings
which provide complementary results. Detailed analysis
of 2- and 3-bond **P-'3C couplings, in the P-Rh—Rh—C
fragment has been carried out. *XP—CO) is more depen-
dent on the inter bond angle(s) than the dihedral angle
viz *XP-C) reaches a maximum for a trans—trans-con-
figuration and is not observed for the cis—cis, cis—trans
or trans—cis configurations. Furthermore, *XP—C) for

RHEA\ 141.6 Hz
O

Rh@®') P

47.5Hz A

0.8Hz

Fig. 14. (A) Schematic representation of the coupling network used
in the simulation of the resonance centered at 184.44 ppm (assigned
to C(6)) in the *C NMR spectrum of Rh4(CO),,(dppm). The values
of the coupling constants are indicated by arrows. (B) Top: experi-
mental (125 MHz, SW = 24 kHz, TD = 32 K, SI =128 K, Lorentz to
Gauss resolution enhancement with LB = —5, GB = 0.5) and bot-
tom: ssimulated low field component of the doublet of multiplets.
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the trans—trans configuration is larger than 2XP—C) for
a cis-arrangement. These self-consistent correlations
provide a useful starting point for the interpretation of
the NMR spectra of other substituted clusters and fur-
ther studies are underway to confirm the generality of
these results.

The observed variable temperature spectra of
Rh4(CO),5(PPh,) can be explained by a simple oscilla
tion of the PPh,; on the substituted Rh aided by con-
comitant exchange of the unique terminal CO on this
Rh with the adjacent p,-CO’s.

4. Experimental

All compounds used in the present study were syn-
thesised according to published procedures:
Rhs(CO),sL, L = NCMe[24], py [10], cyclooctene [12],
PPh, [10], (um,-n':n'-dppe) [18], P(OPh), [19];
Rhs(CO),,(LL), (LL = dimethylbutadiene [17], dppe
[18], dppm [25], (A(OPh),), [22]). The *C and *'P
NMR spectra were recorded on a Bruker AM500 spec-
trometer and BC—{1°3Rh}, ¥C—{3P} and *P—{1°3Rh}
NMR measurements were carried out as described pre-
viously on Bruker WM 200 WB and WM 250 spectrome-
ters [6].
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