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Carbon-13 NMR data are reported for derivatives XRe(CO), (X = CHJ, 
CH&O, CbH5, C6HSC0, Br, Cl& Me$i, Me,Ge, Me+%, Me,Pb). Spectra of 
good quality were obtained at ambient temperature except for X = Me3Pb. In 
the XRe(CO), series, the carbonyl carbon tram to X is more shielded (resonance 
at higher field) than carbonyl carbons cis to X. However, in the cationic com- 
plex [CH,CNRe(CO)j][PF,], the carbonyl carbon tram to CH$N is less shielded 
than those in cis positions. Although there is a linear relation between the 13C 
chemical shift and the stretching force constant for CIS carbonyls in the XRe(CO), 
series, there is no apparent correlation of force constants with other features 
of the “C NMR spectra. 

Introduction 

Over the past several years the quantity of 13C NMR data for transition 
metal carbonyl complexes has increased rapidly. An excellent recent review by 
Todd and Wilkinson [ 1] is a useful guide to the results published to date and 
the conclusions drawn therefrom, and it is clear that little attention has so far 
been paid to carbonyl derivatives of the Group VLI transition metals. The nuclei 
“Mn, “‘Re and “‘Re, all with I = 5/2, possess quadrupole moments which can 
potentially broaden the signals of carbon atoms bound directly to them. Car- 
bony1 carbon resonances in manganese carbonyl derivatives are typically broad 
[l] and, possibly because of expectations of similar behaviour in the case of 
rhenium, only two rhenium carbonyl compleves have been investigated prior 
to this work, namely Re2(CO),,, and BrRe(CO)S. These compounds were 
recently reported by Todd and Wilkinson [2] to give “fairly well resoived” 
spectra at ambient temperatures in THF. These authors have also demonstrated 
that resonances broadened by coupling to quadrupolar transition metal nuclei 
can be significantly sharpened by sufficiently cooling the samples [2]. 
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In OUT recent work with carbene derivatives of manganese and rhenium 
[3,43, “C NMR proved to be a valuable tool in assigning structures to these 
complexes. In view of the high quality of spectra obtained for rhenium com- 
plexes of direct interest to us [ 51, we have studied a wider range of rhenium 
carbonyl derivatives. In this paper we present results for an extensive series of 
neutral mono-substituted rhenium pentacarbonyl complexes, XRe(CO)j, plus 
one derivative of the type [ LRe(CO),]‘PF,- (L = CH,CN)*. Most of the neutral 
complexes gave sharply resolved spectra at ambient temperatures in CDCIJ, and 
an excellent spechum of the salt was obtained at ambient temperature in CD&N. 
In the case of two neutral derivatives studied at high temperatures in toluene-&, 
resonances due to inequivalent carbonyl carbon atoms were still clearly resolvable 
at 100°C. The “C NMR chemical shifts are discussed in terms of their correla- 
tion with Cotton-Kraihanze! (CK) carbonyl stretching force constants and the 
limitations of this often-used treatment are pointed out. 

Results and discussion 

(1). Neutral complexes of &he type XRe(CO)5 
Recently it has been shown that ‘% NMR spectra of carbonyl derivatives 

of transition metals with nuclear quadnrpole moments can be obtained by the 
method of “temperature relaxation” [ 21. In our own studies of rhenium car- 
bony1 derivatives we have found quadrupole broadening not to be a problem in 
most cases. Satisfactory spectra can usually be obtained at ambient temperatures 
in CD& (see Table 1). Difficulties have been encountered only with Re2(CO),0, 
which gave one broad signal at ca. -191.2 ppm relative to TMS, presumably 
due to the eight equivalent equatorial carbonyi carbon atoms, and (CH3),PbRe- 
(CO)5 for which a broad, unresolved signal in the carbonyl region at ca. -189.3 
ppm was observed. In the case of C1Re(C0)5 there were severe solubility 
limitations in CDCIJ and after several thousand pulses no carbonyl resonances 
were observed. 

The 13C NMR results will now be discussed under two headings: (a) reso- 
nances due to carbon atoms other than carbonyl carbons atoms, and (b) rest- 
nances due to carbonyl carbon atoms. 

(a) Resonances due to carbon atoms o&her than carbonyl carbon atoms. 
Few examples of 13C NMR chemical shifts for acyl carbon atoms bound to 
transition metals have been reported. The values of -245.4 and -244.0 ppm 
found for C6HsCORe(CO)S and CH$ORe(CO)s (Fig. 1) are shifted upfield with 
respect to the iron derivative (q-C5H5)Fe(CO),COCH3 for which the chemical 
shift of the acyl carbon atom is -254.4 ppm [6]. It would therefore be of 
interest to obtain the spectra of C,H,COMn(CO), and CH,COMn(CO), to com- 
pare closely related compounds within one transition metal group. 

The molecule C6HSRe(CO)S represents one of the few reports of phenyl 

* Lo the dw~ssion of Lbese rhenium derivatives and related complexes. the symbol L wdl refer to 
neutral two-electron donor Uaods such as ~hosphmes or acetomtrile. and X will refer to hgands 
~hicb may fommlly be derdbed as q  eutral onPelectroo donors or anionic two.electron dono= 
e.c <CH3)3!% Br. CH3. 
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8, ppm downfield from TM5 
Fig. 1. 13C NMR spectrum of CH$ORe(CO)j. m CDClj at -blent temperahue. showing an cxpaos~on 
of the carbony region as well as tbe fulJ spectrum. This was ooe of Lhe most concenrnted solutions shrdied 
<>I.0 M) and the soIvenL resonance appears as a very weak triplet at -77.035 on the above scale. IL could 
still be employed as the mkmal rekreace. bowever. 

carbon resonances due to a phenyl group u-bonded to a transition metal, other 
esamples being (q-CsH5)lTiPhl, cis-[PtPhZ(PEt&], trans-[PtPh,(PEt,)2] and 
[PtPh&12(PEta)z] [ 71. Carbonyl resonances for the compleses (q-C5H5)Fe(CO),X 
(X = CsH5, ,c-C%,H&l, C,F,) have been reported [S], but the phenyl carbon 
resonances were omitted. Phenyl resonances for C6H5Re(CO), and C,H5CORe- 
(CO), could be assigned on a relative intensity basis, the weakest signal being 
due to the carbon atom bound to rhenium (this carbon atom has no hydrogen 
atom attached to it and does not benefit from Overhauscr enhancement in a 
proton-decoupled spectrum). The Pam-carbon signal is of intermediate inten- 
sity and the two pairs of ortho- and meta-carbons give the strongest signals. The 
phenyl resonances in C,H,CORe(CO), were similarly assigned and are also 
listed in Table 1. These assignments were confirmed using proton coupled 
spectra. All of the phenyl carbon resonances showed small long range couplings 
to hydrogen atoms on the phenyl ring, but carbon atoms directly bound to 
hydrogen were in addition split into widely separated doublets [‘J(‘H-‘3C) 
values were of the order of 160 Hz]. 

The resonance of the methyl carbon in CH,Re(CO), lies to high field of 
TMS at +38.0 ppm. it is also more highly shielded than that in CH,Mn(CO)5 
which occurs at +212.2 ppm relative to CS, [ 91 (e19.4 ppm relative to TMS), 
and is in fact the highest field resonance of this type yet reported 173. The most 
highly shielded example previously observed was the methyl carbon resonance 
of (v-C5Hs)W(COj$HJ which occurs at 128.9 ppm [6]. 

In the complexes (CH3),SnRe(CO)5 and (CH,j,PbRe(CO), coup!ings from 
the Group IV atoms to the methyl carbon atoms were observed. In the former 
case, even though an excellent spectrum of the carbonyl region was obtained, 
tin coupii_?g to carbonyl carbon atoms was not observed. The coupling constants 
noted in Table 1 are rather similar to values found in this laboratory for the 
complexes ck-Ru(CO),[Sn(CH3)3]2 and cis-Ru(CO),[Pb(CH,),1_ [ 101. 

(b) Resonances due to carbonyl carbon atoms. Most of the complexes 
studied gave satisfactory spectra in the carbonyl region at ambient temperatures 
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(see Table 1); (CH3)3PbRe(CO)S was a notable esception. Even at -20°C in 
toluene-d8 only a broad singlet (half width ca. 25 Hz) was observed and this 
became even broader at temperatures up to 70°C. The large half-width value 
over the wide temperature range employed suggests that quadrupole broadening 
and not stereochemical nonrigidity produces the observed line broadening. It 
therefore appears that lower temperatures will have to be employed to obtain 
a satisfactory spectrum of this complex. This behaviour can be contrasted with 
that of (CH3),GeRe(CO)S and CH3Re(CO)S, in which the carbonyl peaks remain 
clearly resolved at elevated temperatures. Line widths observed for the carbonyls 
cis to the substituents in these compleses are 14 and 11 Hz respectively in 
toluene-d8 at 100°C. Thus quadrupole broadening is not a serious problem for 
these compleses. 

A great deal of the discussion of 13C NMR chemical shift values for carbo- 
nyl carbon atoms has centered around their cot-relation with CK carbonyl 
stretching force constants [ 11. In attempting a similar treatment of our own 
results, several interestmg features have been noted. 

In the foilowing discussion of neutral mono-substituted metal carbonyl 
derivatives of the types LM(CO)S, (hI = Cr, W), and XRe(CO),, the four equi- 
valent carbonyl ligands cis to L or X and the unique carbonyl group trans to 
L or X will be designated “cis” and “tram” respectively. The assignment of CIS 
and trans carbonyl resonances in these systems is straightforward on the basis 
of relative peak intensities. 

For the neutral monosubstituted rhenium carbonyl derivatives listed in 
Table 1 it can be seen that the trans carbonyl resonance is upfield from (i.e., 
more shielded than) the cis carbonyl resonance. This phenomenon has been 
confirmed elsewhere for two rhenium derivatives [ 21 and has also been observ- 
ed for a related manganese complex [ 21. In contrast, complexes of the type 
LW(CO)S [ll, 121 and LCr(CO)5 [12, 131 give spectra in which the trans car- 
bony1 resonance is always down-field from (i.e., more deshielded than) the cis 
carbonyl resonance. The significance of this reversal of shielding of cis and 
trans carbonyls is apparent when it is considered that the force constant of the 
kzns carbonyl is always lower than that of the cis*. Thus it follows that in a 
given molecule one can make no prediction as to whether the cis or trans car- 
bony1 will be more shielded on the basis of CK carbonyl stretching force constants. 

In compleses of the type cis-XzM(CO)4, where X is H [16] or a Group IV 
ligand [ 101, and M = Fe, Ru, OS, the resonances of carbonyl atoms tram to X 
are also found to be more shielded than those of the cis carbonyl carbons. 

Little work has been done on mono-substituted derivatives of manganese 
pentacarbonyl. However, it does appear that the generally observed [ 1 ] large 
increase in shielding of carbonyl carbon resonances upon descending a transition 
metal group is in evidence here. The 13C NMR spectrum of CH,Mn(CO), in 
the carbonyl region exhibits a broad, unresolved singlet at -21 ppm relative to 

* In octahedral complexes of ih&typc kl C k2 111 all know0 mst.mces. Pre~vxs force consianl values 
for Ph3Gehln(C0)5 and Ph3SnMn(CO)5 1 l-51 are mcorrect due to a wrong assignment. Correct 
energy factored values for Ph3Gchln(CO)S are kf = 16.10. h:! = 16.71. while those for 
PhgSnMn(C0)5 are 16.31 and 16.66 mdyn/A [151. These compounds are thus not excephons to 
the genertiatoo that k 1 < k2. 
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160 

- 100 -104 -i04 -182 -180 -173 -17c 

8. ppm downfIeld from TMS 

Fig 2. Cotton-Kraihanzel cartonyl stretching force constants vemus 13C chemical shifts for XFWC015 
complexes. 0. carbonyls ck to X; A. carbonyls lrans to X- 

CS, [9] (-214 ppm reiative to TMS), and that of C,H,CH,Mn(CO)S at -87°C 
shows two signals at -211.1 and -209.1 ppm due to cis and tmns carbonyls 
respectively [2]. These values can be compared with those of -185.2 and -181.3 
ppm for the CIS and trans carbonyls of CH3Re(CO)s. As has been mentioned 
previously [ 11, 12) such a large up-field shift when descending a group cannot 
be explained in terms of carbonyl stretching force constants. 

To apply the usual treatment of experimental data to our own results a 
plot of Cotton-Kraihanzel carbonyl stretching force constants vs. 13C chemical 
shifts is shown in Fig. 2. it can immediately be seen that for the cis carbonyl 
atoms an excellent correlation exists, with more highly shielded carbonyl carbon 
atoms belonging to ligands of higher force constants. It should be noted in this 
connection that points reported [ 111 for the cis carbonyls of complexes 
LW(CO)5 fall on a continuation of the same straight fine. However, the correla- 
tion for the trans carbonyl groups is poor, a phenomenon which has previously 
been noted for a series of carbene derivatives of chromium carbonyl [ 121. Thus 
changing chemical shifts of trans carbonyl carbon atoms are not always reflect- 
ed by changes in carbonyl force constants. 

(2) The ionic complex [(CH&N)Re(CO),]/PF,I 
A good spectrum of this compound was obtained at ambient temperature 

in CD&N solvent (see Table 1). The data will be discussed in terms of non-car- 
bony1 and carbonyl atoms as before. 

(a) Resonances due to carbon atoms other than carbonyi carbon atoms. 
Peaks due to cyanide carbon were observed at -128.1 and -118.3 ppm, and 
these were assigned to coordinated CHSN and to CD,CN solvent, respectively_ 
The absence of solvent exchange at ambient temperature was confiied by a 
further experiment in which a small amount of CD&N was added to the 
solution_ As well as the septet due to the CD, carbon of CD&N, two CH, 



125 

TABLE 2 

CARBONYL STRETCHING FREQUENCIES AND COTTON-KRAIHAKZEL FORCE CONSTANTS 
FOR PENTACARBONYLRHENIUM COMPLEXES 

. 

Compound Stretching frequencieso (CID-~) Cotton--ICre.ibanzel force consfants ’ 
(mdyn/A) 

A,(z) & A,(‘) kl ki 

Cl 3SiRe(C0)5 ’ 2140 2038 2030 16.80 11.30 0.26 
(CH3)3SiRe(C0)5 = 2112 2001 2001 16.36 16.72 0.28 
fCH3)3GeRe(CO)5 2111 2002 1995 16.24 16.73 0.27 
(CH3)$SnRe(C0)5d 2108 2003 2003 16.38 16.73 0.26 
(CH3)3PbRe(C0)5 2106 2003 199-l 16.22 16.72 0.26 
CH3Re(C0)5 2125 2013 1983 16.03 16.94 0.29 
f&H5Re(CO)5 2131 2020 1988 16.11 17.05 0.29 
CH 3CORe(C015 2131 2017 2000 16.32 17.01 0.29 
CgH5CORefCO)5 2133 2021 c’ 2000 16.31 17.07 0.29 
BrReKO)5 f 2151 2044 1985 16.03 17.41 0.28 
I(cH3cN)Re(c0)511PF61 2170 2066 2031 16.80 17.79 0.27 

u All spectra recorded in? cyclohexane. except [(CH$ZN)Re(C0)5~F6-m CHZCIZ. ’ kl = force constant 
of irons carbonyl. k2 = force constant of cis cubonyls. c Stretchmg fxequencles taken from ref. 21. d Stretch- 
ing frequencies t&en fxom ref. 18. e E mode split into two pe&s of pearly equal mtenmty at 2025 and 
2017 cm-l. Mevl value used in calculations. f Stretching tiequencies taken from ref. 22. 

singlets were observed at -4.3 and -1.6 ppm. The former resonance was that 
of the complexed CH3CN group, the latter that of the free CH,CN in solution. 
The spectrum was essentially unchanged at 70°C. Hence any exchange between 
the two is slow on the NMR time scale. 

(6) Resonances due to carbonyl carbon atoms. It is interesting to note that 
the trans carbonyl resonance is downfield from the cis resonance in this case 
(see Table l), in contrast to all the neutral rhenium derivatives discussed earlier. 
In this sense the spectrum resembles those of neutral compleses of the type 
LM(CO), (M = Cr, MO, W) where in all cases reported so far, the trans resonance 
is downfield from the cis [l]. The reason why the [CH,CNRe(CO),]+ salt shows 
such different behaviour from the neutral XRe(CO), species is not clearly 
understood at present. However, it is important to note that the reversal cannot 
be explained in terms of force constants since the cis carbonyl force constants 
are higher than those of the trans carbonyl in all cases (see TabIe 2). 

As can be readily seen the data for the cis carbonyl force constant and 
chemical shift will not produce a point on the straight line in Fig. 2. The signifi- 
cance of this is hard to interpret at the moment since changes in the solvents 
used for IR and NMR studies relative to the neutral XRe(CO), derivatives may 
be at least partly responsible. It should also be noted here that the carbonyl 
resonances for [CH3CNRe(CO)5]+PF6- remain well resolved in CD,CN at 70°C. 
In view of the interesting features observed for this compound we plan to study 
further cationic rhenium species of the type [ LRe(CO),]‘. 

EYperimental 

Compounds were prepared according to the methods in the references 
indicated: CH,Re(CO),, CHSCORe(CO)5, C6H5Re(CO)s and C6H5CORe(CO)5 
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were prepared by the method of Hieber et al. [ 171. The sodium salt of Re,(CO),O 
was lised. 

Displacement reactions using Na’Re(CO),- were used in the preparation of 
(CH3)3GeRe(CO)S, (CHa),SnRe(CO)S [18], and (CHx)xPbRe(CO),. Details of 
the synthesis and characterization of the germanium compound will be present- 
ed elsewhere. The preparation of the lead compound has very recently been 
reported [ 191 and the infrared bands are in excellent agreement; we find the 
compound to be colorless, however. Samples of C13SiRe(CO)S [ 201 and 
(CH,),SiRe(CO), 1211 prepared by the reaction of Rel(CO),, with Cl&H and 
(CH&SiH were kindly supplied by Dr. W. Jetz. The method of Kaesz et al. 
[22] was used in the preparation of BrRe(CO), and CIRe(CO)s; a sample of the 
former was supplied by Dr. D. Dong. 

13C NMR spectra were recorded using the Fourier transform pulsed NMR 
technique. Proton decoupling was employed in complexes containing hydrogen 
atoms except as noted in the discussion. Varian HA-100 and Bruker HFX-90 
spectrometers were used, operating at 25.15 and 22.6 MHz respectively. The 
number of scans was typically in the range 1000 to 4000, the delay between 
scans of the order of 0.4 to 0.8 seconds, and the flip angle was approximately 
45”. No relaxation reagent was used in any spectrum. Spectra of neutral complex- 
es were recorded in CD& at ambient temperatures (45°C for the Varian HA-100, 
35°C for the Bruker HFX-90), except as noted in the text. The salt [CH,CNRe- 
(CO),][PF,] was prepared as described by Okamoto [ 231 from Re2(CO),0 and 
NOPFb in CH,CN solvent, and its spectrum was recorded in CD&N. Solution 
concentrations were generally of the order of 0.5 M, although somewhat higher 
in a few cases. 13C chemical shifts were measured relative to the internal solvent 
resonance and are reported relative to TMS by use of the relations G(TMS) = 
G(CDCIa) -77.035 ppm and 6(TMS) = 6(CD,CN) - 1.187 ppm. The sign 
convention employed gave carbon atoms deshielded with respect to TMS 
negative 6 values. In cases where several spectra of a particular complex 
were obtained, chemical shift values were reproducible to 20.1 ppm. 

infrared spectra were recorded at a scan speed of 39 cm-’ min-’ using a 
Perkin-Elmer model 337 grating spectrometer fitted with an external recorder. 
Spectra were calibrated with gaseous CO and reported bands are considered 
accurate to + 1 cm-‘. Cycloherane was employed as solvent for all neutral com- 
plexes, and dichloromethane was used for [CH3CNRe(CO),][ PF6]. Approximate 
force constants were calculated using the Cotton-Kraihanzel approximation 
[24]. In cases where infrared band positions not measured in this work were 
employed in force constant calculations, references are given in the footnotes 
to Table 2. fn such cases force constants were recalculated from the published 
data to ensure internal consistency. 
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