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Summary

Reaction of [M(7-CsH;)(CO),Cl] (M = Mo, W) with symmetrically-substituted
potassium formamidines vields the complexes [M(w-CsHs) {HC(INR.),} (CO),] and
[M(7-CsHs) {HC(NR)N(CO)R}(CO).], which were separated by means of column
chromatography. The reaction of potassium N-phenyl, N'-t-butylformamidine
with [M(w-C;sH;)(CO);Cl] yields the same type of complexes, but only one of the
possible isomers of the carbamoyl complex was formed. A similar reaction was
observed on treatment of [M(m-CsH;)(CO);Cl] with potassium N,N'-diphenyl-
triazene. The relative molar ratios of the two complexes formed were found to
be highly dependent on the relative concentrations of the reactants during the
reaction, on the basis of this observation a possible reaction mechanism is
proposed. .

The novel chromium analogues were synthesized by the reaction of ““in situ”
prepared [Cr(w-CsH)(CO);I1 with potassium N,N’-diphenylformamidine. The
structure of these complexes and the nature of the bonding of the metal-to-
formamidino link, are discussed on the basis of 'H and 3C NMR and IR spec-
troscopic data.

Introduction

Our investigations into the reactions of formamidines with Group VIB metal
complexes have led to the preparation of several new formamidino metal com-
plexes. In these complexes the formamidino group can act as a bridging, cf.
[M,{HC(NR),}.] (M = Cr, Mo) [11], a chelating, cf. [M{7-C;Hs){HC(NR);}(CO);]
(M = Mo, W) [2], or both a bridging and chelating ligand, cf. [W,(u-CO), {u-HC-
(NR).}. {HC(NR).} {(NR)CH(NR)CH,}] [3]. '

* To whom correspondence should be addressed.



: ':,Rec ntly' we reported [2] that the reactlon of [Mon(CO);Cl] w1th potas—‘ L

‘stum’ N N' -d1-p-toly1formam1dme yields; in- addition to the: complex [Mo(‘lr-CsHs)

{HC(N-p-tolyl)z }(CO),]; the carbamoyl complex [Mo(m-CsHs) {HC(N-p-tolyl)- -
N(CO)p-toIvl}(CO)z], while the carbamoyl complex [M(7-CsHs) {HC(NMe)N-

: (CO)LIe}(CO)Z] could be prepared by the direct reaction of N,N'-dimethylforma-

-midine with [M(a-C; Hs)(CO)3C1] M™M= ‘\'Io, W) in the dark. Although several
"complexes of the type [M(W-CSHS)(CO)ZT], in Whlch T represents a chelating
three electron. donatmg group, are known [2], only a few compleéxes have been

: synthesmed containing a carbonyl group inserted between the metal and the
three: electron donating group. Inglis et al. [4] have reported the preparation of
the manganese complex [Mn(CO),{R'C(NR?)N(CO)R?}], while very recently
‘Gaylani et al. [5] reported the preparation of the complexes [M(7-CsHs) {R'C-
(\TRz)N(CO)R2 }(CO).1, which they prepared from [M(a-CsHs)(CO);Cl1] and
lithium amidine. .

In this paper we descnbe a series of formamidino carbamoy! complexes uf
'chrommm ‘molybdenum and tungsten, as well as a triazenido carbamoyl com-
plex of molybdenum. Furthermore, the fluxional behaviour of some of the
carbamoyl complexes, as observed by !*C NMR. spectroscopy, will be discussed.

Results

A Preparatzon and structural characterization

‘The reaction of [M(m-CsHs)(CO);Cl] (M = Mo, W) with the potassium forma-
midines, prepared ‘““in situ” by stirring the formamidine with an excess of
KO-t-Bu, yields the yellow compound [M(7-CsH;) {HC(NR)N(CO)R}(CO),]
and the red compound [M(7-CsHs) {HC(NR).}(CO).1, according to eq. 1.

LM,(?T-CsHs)(CQ)sCI] + K{HC(NR);} > (1)
KCl1+CO + [M(fr-Cf,-Hs){HC(NR)N(CO)R}(CO)z] + [M(7-CsH;){HC(NR),}(CO).1

~ The reaction of [Mo(n-CsH)(CO);Cl] with potassium N,N'-diphenyltriazene

similarly yields the complexes [Mo(w-CsHs) {N(NPh),}{(CO),] (VIII) and [Mo-
(7-CsHs) {N(Nph)\I(CO)Ph}(CO),_] (IX). The analogous reaction with [WCp-
(CO);Cl] afforded a mixture from which only the complex [W(r-CsHs){N-
(NPh),}(CO),]1 (XV) could be isolated, but the 'H NMR spectrum of the reac-
tion mixture showed that the carbamoyl complex was also formed, in a yield too
low to permit isolation of the complex (the molar ratio of the carbamoyl com-
plex to complex XV was about 1/ 19).

Although many cyclopentadienyl-molybdenum and -tungsten complexes
are known [ 2], the analogous chromium compounds have received less attention
because of their low stability [6,7]. The chromium compound [Cr(w- CsHs)-
(CO)Y;X] X= Bror I) can be prepared in low yield by treating the dimer [Cx(m-
C;H: )(CO) 1, with an equLmola.r amount of bromine or iodine [7]. We prepared
the complex [Cr(ﬂ-CsHs)(COhI] “in situ” and treated the crude product imme-
»dlately ‘with potassium N, N’ -dlphenylformamldme to give the complexes
[C1(7r-CsH5){HC(NPh)z}(CO)z] (I) and. [Cr(ﬂ—CsHs){HC(NPh)N(CO)Ph} (CO)’;}
an..

The structure of the complexes of the type [M(z- CSHS){HC(N R)»}(CO), 1
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Fig. 1. Struetures of the complexes [MCp { HC(NR); }(C0),1 (A) and [MCp {HCINRIN(CO)R }(CO)»1 (B).

(Fig. 1a) have been discussed in a previous paper [2]. The carbamoyl-type
complexes [M(7-CsH;) {HC(NR)N(CO)R}(CO),] are thought to have the
structure shown in Fig. 1B, which is consistent with the IR spectroscopic data
(Table 1), showing in addition to a band at about 1615 cm™! assigned to the
carbonyl group inserted between the metal and the formamidino group, two
bands belonging to carbonyl vibrations of about equal intensity. Furthermore,
the 'H and '*C NMR spectra (Tables 2 and 3) reveal clearly that the two R
groups are inequivalent.

The reaction of cyclopentadienyltricarbonyl-molybdenum and -tungsten
chlorides with the potassium salt of the asymmetric N-phenyl-N'-t-butylforma-
midine yielded only one of the two possible isomers of the carbamoyl com-
plexes (Fig. 2). On the basis of a comparison between the chemical shift of
the t-butyl group in the '"H NMR spectra of the carbamoyl complexes (VII and
XIII) and those of the complexes [M(7-CsH;) {HC(N-t-Bu), }(CO),] (V and XII),
we conclude that the structure of the carbamoyl complexes is as shown in Fig.
2a.

B. Fluxional behaviour

The !3C NMR spectra of the formamidino complexes [M(7-CsH;s) {HC(NR)-
N(CO)R}(CO).] (R = phenyl) (II, IV and XI) and the triazenido complex
[Mo(7-CsHs) {N(NPh)N(CO)Ph}(CO)-] (IX) show at temperatures below —30°C
the three expected carbonyl resonances. Raising the temperature, however,
caused a collapse of two of the resonances, and at +30°C only one resonance
remained (Fig. 3). Attempts to record the spectra above +30°C failed because
of partial decomposition of the sample, which starts at about 40°C. On the
basis of these spectra we assume that the two terminal carbonyls exchange at
higher temperatures, while the remaining resonance is due to the carbonyl group
inserted between the metal and the ligand. This carbonyl group does not take
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Fig. 2. Possible structures of the complexes VII and XIV,
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“Cn 0112012 soldﬁon; ' Ret. 2. e St}-etching frequency of the inserted CO.’ .

‘nart in the exchange of the. two terrmnal catbonyl groups; Whlch isin agreement
_with the observation that the remaining !3C resonances do not show any fluxional
- behaviour. The fact that the complexes [’\rI(ﬂ'—CsHs){HC(NPh)N (CO)-t-Bu}{(CO).1
(VII and XIII) show at +30°C three '*C—CO resonances, indicate that these
' complexes are stereochem.lcally ngld on the NMR tune scale. ' ‘

' C. C}'emzcal properties : : '

. All molybdenum.and tungsten complexes are air stable in the solid state, while
their solutions are stable for at least several days under nitrogen. The chromium
complexes are somewhat less stable, and are best stored as solids in the cold,

- though solutions are stable for at least 24 hours. The chromium complex I starts
‘to decompose under nltrogen at.105°C, while complex II is stable until 120°C.
These results indicate that the present chromium complexes are relatively
stable compared w1th some reported cyclopentadlenylchrommm complexes
[6,7].

(continued on p. 351}
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Fig. 3. l3C NMR spectra of the complex [WCp {HC(‘N—phenyl)\I(CO)phenyl}(CO);J at vanous tempera-
"~ tures. - . _ ) B o
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o i'l?_éﬁz'éne_{'solutidns of allvcarbam-oyl complexes underwent on irradiation de-
- carbonylation yielding the complexes [M(7-CsHs) {HC(NR),}(CO).], according
toeq.2. L - : : ,

Discussion

The relative molar ratio of the complexes [M(w-CsH;s) {HC(NR),}(CO),] and
[M(7-CsHs) {HC(NR)N(CO)R }(CO),] obtained from [M(#-Cs;H;s)(CO);Cl] (M =
Mo, W) and potassium formamidine/triazene was found to depend on a number
of factors: (a) nature of the metal. In all cases it was found that the reaction of
potassium formamidine or triazene with [Mo(w-CsH;s)(CO);Cl] yields more of
the carbamoyl complex then does the analogous reaction of [W(n-CsH;)(CO),Cl].
(b) Nature of the ligand. (¢) Reaction conditions. The relative yields of the
complexes [M(7w-CsHs) {HC(NR),}{CO),] and [M(7w-CsH;5){HC(NR)N(CO)R }-
(CO),] were found to be very dependent upon the reaction conditions. A more
detailed study was made for the reaction of [Mo(nw-CsHs)(CO)s;Cl] with potas-
sium N,N'-diphenylformamidine, and the results are summarized in Table 4.
These results show clearly that the relative yields of the carbamoyl complex
IV and complex III are strongly dependent on the ratio of [MoCp(CO);Cl] to
potassium formamidine during the reaction. Slow addition of the potassium
formamidine solution to a solution of [MoCp(CO);Cl], so that an-excess of

TABLE 4 )
REACTIONS OF [MoCp(CG)3Cl1 WITH POTASSIUM N,N’-DIPHENY LFORMAMIDINE (DPF)

Experiment ¢ Procedure ? Yield (So) Yield (molar ratio)
11X v IIX v
1 A 26 12 6.8 3.2
25 9 7.4 2.6
2 B 13 30 3.0 7.0
15 38 2.8 7.2
3 C 16 24 4.0 6.0
18 22 4.9 2.9
4 D 22 8 7.3 2.7
26 9 7.4 2.6

S All experiments were performed in duplicate and carried out at room temperature in the dark. bai
mmol DPF and 1 mmol KO-t-Bu were stirred for 1/2 h in 10 ml toluene, then 1/2 mmol [MoCp(CO0)3Cl]
was added and the resulting solution stirred for 1 h, filtered and evaporated to dryness. The residue was
solved in 1 ml CDClj3 containing acetophenone as an internal standard. The yields were calculated from
the !H NMR spectra. B-,l mmol DPF and 1/2 mmol [MoCp(CO)3Cl] were stirred for 1/2h in 10 m!
toluene (no reaction took place on bases of IR and 1H NMR measurements), then 1 mmol KO-t-Bu was
added and stirred for 1 h. The mixture was worked up as described under A. C. A solution of 1 mmol
DPF and 1 mmol KO-t-Bu in 10 ml toluene (stirred for 1/2 k) was slowly added to a solution of 1/2 mmol
of [MoCp(CO)3C11in 10 ml toluene. The mixture was stirred for an additional hour and worked up as
described under A. D. Identical to C, except that the [MoCp(CO)3Cl] solution was added slowly to the
solution of DPF and KO-t-Bu.



:-"ments 1 and 4) leads to the formatlon of complex 1 and mmor amounts of IV.
\"'On the ba51s of these observatxons the mechamsm shown in Scheme 1 is proposed.
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SCHEME 1. Proposed reaction mechanism for the formation of the complexes [MCp {HC(NR)Z}(CO)Z]
and [MCp {HC(NR)N(CO)R}(CO)zl. by the reaction of [MCp(C0)3Cl] with K HC(NR),}.

The initial step in the reaction is believed to be the formation of an inter-

mediate of the composition [M(7-CsHs) {HC(NR), }(CO);], which is analogous
- to-the known complex [Mo(7-CsHs)(R¢CO,)(CO);] [8]. If an excess of the -

;potassmm formamidine is not present, the second step may be attack of the

lone pair of the mtrogen elther on one of the carbonyl groups (i), or on the. .
“metal (ii), which leads to the formation of the carbamoyl complex [M('n'-CsHs )-
: v'{HC(NR\N(CO)R}(CO)zl and the'complex [1\!1(1T-05H5){HC(NR);}(CO)Z], ,
respectwely- Whether route 1 or ii dominates depends on the nature of the
metal and group R. The observation that relatlvely more of the carbamoyl
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comiplex is formed for M = Mo than for M = W can be explained by assuming

* that in the intermediate [M(7-CsHs) {HC(NR),}{CO);] for M = W the electron
density on the metal is smaller then in the case of M = Mo. As a result, attack

" of the'lone pair of the nitrogen on the metal for M = W will be more favoured
then for M = Mo. The influence of the group R on the course of the reaction
may be électronic as well as sterical, but no prediction about the way in which
the nature of R influences the reactions i and ii can be made. A third reaction
pathway (iii) may become important if an excess of the potassium formamidine
is present. In that case attack of a second formamidine anion on the intermediate
[M(w-CsHs) {HC(NR), }(CO)s] may occur, resulting in an anionic intermediate
containing two formamidino groups. Reaction with a second [M(7-CsH;)(CO)s-
Cl] molecule will then lead to the complex [M(7-CsHs) {HC(NR), H(CO).]. It

is noteworthy that increase of the reaction time from 1 to 24 h (cf. the exveri-
ments described in Table 4) does not change the molar ratios of the complexes
11T and IV. From this we conclude that decarboxylation of complex IV, to give
III, does not occur.

The fluxional behaviour of the two terminal carbonyl! groups in the carba-
moyl complexes I, IV, IX and XI and the observation that no such fluxional
behaviour exists for the complexes VII and XIII, is very similar to the observa-
tions of Pfeiffer et al. [9] for the fluxional behaviour of some triazenido com-
plexes. They observed that in the complexes of the type [M(w-CsH;) {N(NR)-
(NR?)HCO).,] the two carbonyl groups are exchanging if R! and R? are aryl
groups. If, however, one of the R groups is an alkyl group no fluxional beha-
viour was observed. The most probable mechanism was found to be pseudo-
rotation involving interconversion cf a square pyramidal type of molecule via a
trigonal bipyramidal intermediate [9]. On the basis of the large similarities
between the observations made for the triazenido complexes and those for the
carbamoyl complexes it is most likely that the mechanism of exchange in the
carbamoyl complexes involves a similar type of process.

Because of the fluxional behaviour of the carbamoyl complexes II, IV, IX
and XI, it was possible to make a definite assignment for the inserted carbonyl
group in the 3C NMR spectra. Of the two remaining terminal carbony! reso-
nances, the resonance at highest field was assigned to the carbonyl frens to the
inserted carbonyl (Table 3). The methyne carbon shows for complexes of
the type [M(7-CsH:) {HC(NPh)N)CO)Ph}(CO),] a downfield chemical shift
relative to the free formamidine, but the reverse is observed for the methyne
hydrogen in the '"H NMR spectra, which show an upfield chemical shift. This
in contrast to the complexes [M(7-CsH;s) {HC(NPh),}(CO),] (except for chrom-
ium) in which the methyne carbon shows an upfield chemical shift and the
methyne hydrogen a downfield shift relative to the free formamidine. So far,
we have not found a satisfactory explanation of these features.

The '3C resonances arising from the two inequivalent phenyl groups in the
complexes [M(7-Cs;H;s) {HC(NPh)N(CO)Ph}(CO).] show only very small chem-
ical shift differences for the C,, C,,and C, resonances, so that we were unable
to assign.the resonances to the different phenyl rings. The two C(1) resonances
show, however, a relatively large chemical shift difference of about 18 ppm.

By comparing the !3C NMR spectra of the carbamoyl complexes with the
spectra of the complexes [M(7-CsHs) {HC(NPh),}(CO),;] (, I1I, X), [M(#-CsHs)-
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'MeCp{N(N-a 5(CF3)?_05H3)2}(CO)2 - . 806:0.8 | 249.9 (see footnote)

a De Roode et al ref. 2 2 Pfexﬂ'er et a.l ref.9. -

{HC(NPh)(\T-t Bu)}(CO),] (VI XIIT) and [M(7-CsH;) {HC(NPh)N(CO)-t-Bu}-
'(CO)z] (VII IX), the resonance at ~135 ppm can be assigned to C(1) of the -
Dhenyl ring attached to the nitrogen which is nearest to the inserted carbonyl.

The OC—M—CO bond angles () for equwa.lent carbonyls can be calculated

approximately using the relation I, /I, = tan?(58), where I, and I, s are the -
integrated intensities.of the symmetric and asymmetric bands, respectlvely, of -
--the carbonyl stretching frequencies in the IR spectra [10—12]. A .comparison
of the bond angles defermined for some forrnalmdmo- and tnazemdo-molyb-
denum complexes with their l:’C-c:a.l:bonyl resonance * (Table 5) point to the
ex15tence of a relatlon between the bond anﬂle and the '3C- carbonyl resonance.

Expenmental

Elemental analyses (Table 6) were performed by the Institute for Orgamc
Chemistry TNO (Utrecht). The IR spectra were measured with a Beckman
49250, while the 'H and '3C NMR spectra were recorded on a Vanan T 60A and
Varian CFT 20 instruments. -

‘Reactions were carried out under nitrogen, and the solvents were distilled
‘before use. Irradlatlons were carried out with a medium pressure mercury lamp
(Hanov1a) S

.- N,N! -Dlphenyl formamldxne was- prepared by: pubhshed methods [13, 14]

’N Phenyl-N" -t—butylformam1d1ne was prepared as follows: To a solution of 10.9
g (73.3 mmol) ethyl-N-phenylformamidate [15] and 25 ml t-butylamine in 60
“ml benzene 4.4 g (73.3 mmol) glacial acetic acid was added slowly, the mixture

was then refluxed for 18h. The precipitate was filtered off, and the filtrate
evaporated to dryness, washed with 3 X- 90 ml'water and dried over sodium
hydroxide in vacuo. Ylelgl 5.3 g (41%). The N,N'-diphenyltriazene was a gift of

) * The latge dxfference between thc l3C~czu:bconyl resonance in the comple\: [Mo(‘n- 5H5) {N (Ph)z}
* (C0)21 (253.6 ppm) and the complex [Mo(i-C5Hs) {N(N-p-tolyl); (CO),1 (237.7 ppm). prévious-
: ly reported by Pleifier et al. 91, ha\e led to a reinvi esnganon of the 13C NMR: spectra of the -
E tnazemdomolybdenum complexes. In cooperation- ‘with Pfeiffer we_ found that the 13C—ca.rbony1 :
' resonances for the compléxes [Mo(7-CsHs) {N(N-p-tolyl)s }(CO)a1. [Mo(n-CsHa) {N(N-3.5°
o ’(CFQzCGHg)(N-p-tolyl)}(CO)—-] and [Mo(ﬂ-Csﬂs) {N(N-S a-(CF3)2C6H3)2}(C0)2] are sxtuated
S et 2539, 251.9 a.nd 249. 9 ppm respectwaly. : -
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‘Pfeiffer [9L vThe complexes [M(ﬂ-CsHs)(CO)3CI] (M Mo W) [16] and [Cr-
- (1'-C5Hs)(CO)3,]2 [17 ] were prepared accordmrr to the hterature- , < :

‘Z-'VPreparatzon of [ Cr('r-CsHs){HC(NPh )2 }( CO)2] (I ) and [ Cr(1r-CsH5 ){HC(NPh )-
’ N(CO)Phl(CO),J (Ir) - - .

' “To a solution of 5. 93 g (14- 74 mmol) [CGC(CO);,]z in 100 ml toluene 3. 74
Cog{14.74 mmol) 1odme in 50 ml toluene was slowly added at 0°C (in the dark).
‘Then.29.50 mmol of potassium NN -dehenylformamuime in 100 ml toluene
was added" slowly (the ‘potassium N,N' -diphenylformamidine was prepared by
,stn'nng 5.79 g (29.50 mmotl) N,N -dlphenylformamldme with 3.31 g (29.50
‘'mmol) KO-t-Bu i in 100 ml toluene for 1 hour). After 1 hour stirring 3.31 g

- (29.50 mmol) KO-t-Bu was added, and the mixture was further stirred for
another 1 hour. The toluene was removed in vacuum and the residue extracted
with 3 X 75 ml aceton, filtered and evaporated to dryness. The residue was
.chromatographe_d on silicagel (Merck; art. nr. 7734) with toluene/ether (1/1).
The first dark brown band was collected and evaporated to dryness, and the
residue recrystallized from acetone/n-hexane, y1e1dmg 862 mg (8%) of 1. The
second, dark brown, band was treated likewise, to give 481 mg (4%) of I1.

Preparatzon. of [Mo(ﬂ-Cﬂs){HC(NPh)z }(CO)J (II1) and [Mo(n’-CsHs) {HC-
(NPh)N(CO)PRYCO),] (IV) :

1.96 mg (10 mmol) N,N’-diphenylformamidine and 1.12 g (10 mmol)
KO-t-Bu were stirred for 1/2 hour in 100 ml benzene. Then 2.81 g (10 mmol)
[MoCp(CO);Cl] was added slowly, after 1 hours stirring, a further 1.12 g of
KO-t-Bu was added, and the mixture was stirred for 18 h at room temperature.
After filtration the solvent was removed in vacuo and the residue was chroma-
tographed cn silica gel with toluene/ether (1/1). The first red band was evap-
orated to dryness, and recrystallization of the residue from acetone/n-hexane gave
455 mg (11%) of II1. The second, yellow, band was treated in the same way to
yield 838 mg (19%) of IV. The complexes VII, XI, XIII and XIV were prepared
similarly.

Preparation of [Mo(w-CsHs){HC(NPh)(N-t-Bu)}(CO);] (VI)

1.76 g (10 mmol) N-phenyl-N"-t-butylformamidine and 1.12 g (10 mmol)
KO-t-Bu were stirred in 100 ml benzene for 1/2 hour. Then 2.81 g (10 mmol)
[MoCp(C0Q);Cl1] was added and the mixture stirred for 1 h, after which a further
1.12 g of KO-t-Bu was added. After 1 h the mixture was filtered and the filtrate
irradiated with a medium pressure mercury lamp. IR measurements indicated
after 20 h that all [Mo(7-CsH;) {HC(NPh)N(CO)-t-Bu} (CO),] was converted
to V1. The mixture was filtered and evaporated to dryness. Column chro-
matography of the residue on silica gel with toluene/ether (1/1) gave a red
band, which was evaporated to dryness and recrystallized from acetone/n-
hexane, glvmg 927 mg (24%) of VI.

Preparatzon of [Mo(1r-CsH5) {N(NPh)z}(CO);J (VII) and [Mo('lr-CsHs) {N(NPh)-
.N(CO)Ph}(CO)z] (IxX) -
1.97 g (10 mmol) N, N’ -dlphenyltnazme and 1.12 g (1C¢ mmol) KO-t-Bu in
100 ml benzene were stirred for 1/2 h. Then 2.80 g (10 mmol) {[Mo{n-CsHs)-
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:(CO);Cl1Y was added, followed by 1.12 g KO-t-Bu after 1 h. The mixture was
stirred for another hour, filtered, and the solvent was removed in vacuo. The
_residue was chromatographed on silica gel with toluene/ether (4/1). The first
‘red band was collected and evaporated to dryness, and the solid was recrystal-
lized from acetone/n-hexane to yield 647 mg (15%) [Mo(w-CsH;) {N(NPh).}-
(CO),1ICH;C(O)CH;1,,2, (VIII). The second, yellow, band was treated in the
same way to give 427 mg (10%) I1X.
The reaction of potassium N,N'-diphenyltriazene with [W(m-CsH;)(CO);Cl]

was performed similarly, yielding only XV.
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