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ABSTRACT: This contribution brings to light the first example of an α-F elimination process in manganese organometallic 
chemistry. As shown in a recent contribution (Chem. Eur. J., DOI: 10.1002/chem.201804007 ) the thermal decomposition of 
compounds [Mn(RF)(CO)5] (RF = CF3; 1, CHF2, 2, CH2CF3, 3) in C6D6 at 70-100 °C leads primarily to homolytic Mn-RF bond 
cleavage, followed by RF

• trapping in the presence of (Me3Si)3SiH (TTMSS), to yield RF-H. However, the formation of other 
products was revealed by a detailed 19F NMR investigation. Compounds 1 and 2 also produced significant amounts of 
(Me3Si)3SiF and of F-poorer organic compounds (namely, CH2F2 and CH3F from 1; CH3F from 2). The extent of this additional 
process was rather important (67%) for 1 but minor (10%) for 2. On the other hand, no traces of either (Me3Si)3SiF or 
CH3CHF2 were detected during the decomposition of 3. A DFT investigation shows that the process occurs via CO dissoci-
ation followed by α-F elimination from [Mn(RF)(CO)4] to yield [cis-MnF(CXF)(CO)4] (X = F for 1, H for 2). The latter can 
then react with TTMSS via a rate-determining transition state, which is located at a comparable energy to that of the ho-
molytic bond breaking asymptote, to yield (Me3Si)3SiF and [Mn(CXHF)(CO)5] after CO addition. The greater extent of 
(Me3Si)3SiF formation produced by the H/F exchange in the order 1 > 2 agrees with the stronger Mn-RF bond in the same 
order. Analysis of the relative barriers for the two competitive processes at 100 °C confirms that the experimentally deter-
mined ΔH‡ for the thermal decompositions of 1, 2 and 3 are close estimates of the Mn-RF bond dissociation energies (BDEs). 

Introduction 

Recently, the homolytic Mn-RF bond strength in pentacar-
bonylmanganese(I) derivatives with fluorinated alkyl groups, 
[Mn(RF)(CO)5] (RF = CF3, 1; CHF2, 2, CH2CF3, 3) has been in-
vestigated in our laboratory,1 because of our interest in the 
generation of fluoroalkyl radicals, RF

•, and their use in radical 
polymerization of fluorinated monomers,2, 3 notably vinyli-
dene fluoride (VDF).4, 5 The investigation was carried out by 
the kinetic approach, thermally promoting the bond cleavage 
in the presence of an efficient trapping agent and assuming 
that the kinetic activation parameters (ΔH‡

a, ΔS‡
a) represent 

good estimates of the thermodynamic bond strength param-
eters (ΔH°, ΔS°). This is justified by the expected low recom-
bination barrier for the encounter of the [Mn(CO)5]• and RF

• 
radicals. Tris(trimethylsilyl)silane (TTMSS) was used for this 
purpose (see Scheme 1). 

The proposed fate of the [Mn(CO)5]• and (Me3Si)3Si• radi-
cals (equations 3-5), comes from the literature reports on the 
efficient dimerization of both [Mn(CO)5]•6 and (Me3Si)3Si•,7 
and from the report of the high-yield preparation of 
[Mn{Si(SiMe3)3}(CO)5]8-10 by the reaction between 
[Mn2(CO)10] and TTMSS in a sealed tube.8 Given the high 
strength of these Mn-RF bonds, the investigation required 
quite high temperatures (70-100 °C) but provided the desired 
information, which is summarized in Table 1. The obtained 
parameters agree rather well with two different computa-
tional estimates,11, 12 but the ΔH values are significantly higher 

than previous experimental estimates (limited to compounds 
1 and 2) based on indirect calorimetric and gas-phase mass 
spectrometry measurements.13, 14 

Scheme 1. Thermal decomposition of (fluoro)al-
kylpentacarbonylmanganese(I) compounds in the 
presence of TTMSS as a radical trap. 

 

The 19F NMR monitoring of the [Mn(RF)(CO)5] decay in 
C6D6 also revealed, qualitatively, the production of the ex-
pected RF-H product. Quantitative information could not be 
obtained because these products are gases (b.p. = -82.1 °C for 
CF3H, -51.7 °C for CH2F2 and -47.6 °C for CH3CF3) with little 
solubility in the NMR solvent. Hence, they extensively es-
caped toward the NMR tube headspace. However, a more 
careful inspection of the NMR spectra also revealed the for-
mation of other products, indicating that the reactions de-



 

picted in Scheme 1 represent only one pathway of the com-
pound decomposition. We were therefore interested in 
learning about the nature of these side products, the mecha-
nism(s) by which they are formed, and how much these ad-
ditional pathways have an impact on the values reported in 
Table 1. More specifically, what is the reliability of the deter-
mined ΔH

‡ as an approximation of the Mn-RF BDE? The results 
of these investigations, which most notably involve an un-
precedented α-F elimination process for a manganese sys-
tem,15 are reported in the present contribution. 

Table 1. Activation parameters for the homolytic Mn-
RF bond cleavage in compounds [Mn(RF)(CO)5] (RF = 
CF3, 1; CHF2, 2; CH2CF3, 3) and comparison with the 
computed bond strengths. 

 
RF 

ΔH‡/kcal mol-1 ΔS‡/cal mol-1 K-1 

Exp. a DFT b DFT c Exp. DFT b 

1 CF3 53.8 ±3.5 55.1 53.6 66.0±9.5 39.6 

2 CHF2 46.3±1.6 48.0 48.5 55.8±4.7 37.1 

3 CH2CF3 50.6±0.8 50.5 - 65.4±2.2 42.5 

a Values from ref. 1. b Values from ref. 11. c Values from ref. 12. 

 

Results and Discussion 

(a) Experimental investigations 

The main products of the [Mn(RF)(CO)5] decomposition in 
the presence of TTMSS, RF-H (Scheme 1, equation 2; RF = CF3, 
CHF2, CH2CF3) were identified by weak signals, because of 
their volatility and poor solubility in the NMR solvent. Com-
pound CF3H could only be observed by 1H-19F HETEROCOSY 
NMR at 10 °C as a quartet at δ 5.59 (1H) coupled with a dou-
blet at δ -78.03 (19F) with a coupling constant 2JFH of 78 Hz 
(see Figure S.A1), which is in good agreement with the 1H and 
19F NMR resonances reported in the literature at δ 6.25 (2JHF 
= 79.2 Hz) in cyclohexane16 and -78.6 (2JFH = 79 Hz),17 respec-
tively. The RF-H products from the decomposition of 2 (RF = 
CHF2) and 3 (RF = CH2CF3) could be directly observed in the 
19F NMR spectrum: triplet at δ -142.4 (2JFH = 49.8 Hz) for 
CH2F2 (cf. δ -143.6, 2JFH = 50.1 Hz),17 see Figure S.A2, and quar-
tet at δ -60.7 (3JFH = 12.6 Hz) for CH3CF3 (cf. δ -61.7, 3JFH = 12.8 
Hz),18 see Figure S.A3. However, the 19F NMR spectra also re-
vealed additional resonances. 

For the decomposition of 1, a key 19F NMR resonance is a 
strong singlet at δ -256.2, characterized by 29Si satellites (dou-
blet, 1JSiF = 327 Hz), see Figure 1, which is assigned to com-
pound (Me3Si)3SiF (the full 19F NMR spectrum is shown in 
Figure S.A4). The shape of this resonance remains un-
changed in the 19F{1H,13C} NMR spectrum. The coupling con-
stant is typical for a direct F-Si bond and the spectral param-
eters are in close agreement with those reported in the liter-
ature for this compound (δ -261, 1JSiF = 335 Hz19 or 327.8 Hz 
from the 29Si NMR study20). The 1H-19F HETEROCOSY NMR 
spectrum shows that this resonance is coupled to a 1H NMR 
resonance at δ 0.21 (see Figure 1), which is also in agreement 
with the literature value (δ = 0.21 in C6H6).19 As the only 
source of F in the experiment is the alkyl group of compound 
1, this observation constitutes clear evidence for C-F bond 

breaking. Integration of this resonance relative to the C6F6 
internal standard (used for the kinetics investigation) shows 
that 67% of compound 1 has undergone the side reaction 
leading to (Me3Si)3SiF. 

 

 

Figure 1. NMR spectra in C6D6 recorded at 10 °C after the de-
composition of compound 1 at 100 °C for 1 hour in the presence 
of 10 equivalents of TTMSS, proving the presence of 
(Me3Si)3SiF: (a) expansion of the -252 to -260 ppm region of the 
19F NMR spectrum (376.5 MHz, benzene-d6); (b) Expansion of 
the corresponding 1H-19F HETEROCOSY NMR resonance. 

Confirmation of this occurrence comes from the identifi-
cation of a small triplet resonance at the expected position 
for CH2F2 (δ -142.15, 2JFH = 50 Hz, see Figure 2; cf. δ -142.0, 2JFH 
= 50.3 Hz reported in the literature21). This signal correlates 
with a 1H resonance at δ 4.95 in the 1H-19F NMR 
HETEROCOSY spectrum (cf. δ 5.45, 2JHF = 50.22 Hz in cyclo-
hexane16). The fact that this resonance is much smaller than 
that of (Me3Si)3SiF results from the volatility and small solu-
bility of gaseous CH2F2. The spectrum shows evidence for 
even deeper defluorination of the alkyl group, since an even 
smaller resonance is detected at the position expected for 
CH3F (δ -270.34). The quartet feature is not well resolved, but 
the relationship with a 1H doublet resonance (2JHF ca. 46 Hz) 
at δ ca. 5.7 is clearly indicated by the 1H-19F HETEROCOSY 

NMR spectrum (see Figure 3). These values match rather well 
those available in the literature in the gas phase (δF -270.6, δH 
4.18, 2JFH = 46 Hz).22  Further discussion of this spectrum is 
available in the SI. 

For the decomposition of 2 at 100 °C, in addition to the 
resonance of the CH2F2 product of Mn-RF homolytic cleavage 
and trapping by TTMSS, the resonance of (Me3Si)3SiF at δ -
255.12 was again observed (see full spectrum in Figure S.A6), 
indicating the occurrence of C-F activation for the CHF2 
group. However, the signal of the other expected product, 

(a) 

(b) 



 

CH3F, could not be detected in this case. Integration of the 
(Me3Si)3SiF resonance against the C6F6 internal standard gave 
only 10% of side reaction for compound 2. 

 

 

Figure 2. NMR spectra in C6D6 recorded at 10 °C after the de-
composition of compound 1 at 100 °C for 1 hour in the presence 
of 10 equivalents of TTMSS, proving the presence of CH2F2: (a) 
expansion of the -141.4 to -143.0 ppm region of the 19F NMR spec-

trum (376.5 MHz); (b) Expansion of the corresponding 1H-19F 
HETEROCOSY NMR resonance. Note that both 1H and 19F 1D 
signals appear as doublets rather than triplets because the 
central resonance is silent by the antiphase cancellation. 

 

Figure 3. Detail of the 1H-19F HETEROCOSY NMR spectrum in 
C6D6 recorded at 10 °C after the decomposition of compound 
1 by heating at 100 °C for 1 hour in the presence of 10 equiva-
lents of TTMSS, proving the presence of CH3F. 

Finally, the degradation of 3 was not accompanied by the 
observation of either (Me3Si)3SiF or the putative products of 
H/F exchange, namely CH3CHF2 or CH3CH2F, for which the 
resonances are expected at δ -25.9 and +77.0, respectively.23 
Only a few very minor unidentified resonances in the 19F 
NMR spectrum, in addition to that of the expected CH3CF3 
product at δ -60.86, could be observed as noted in the full 
spectrum (Figure S.A7). This result suggests that the reaction 

pathway leading to the formation of (Me3Si)3SiF by H/F ex-
change with the RF group, which is the major secondary de-
composition pathway in addition to the homolytic Mn-RF 
bond cleavage, is specific for groups that contain the F atom 
on the α-C atom and does not occur for β-C-F bonds. 

(b) DFT investigation of the homolytic cleavage and 
the side reaction pathway for compound 1 

The calculations were carried at the same level of theory 
as in our previous study of the Mn-RF bond strengths in com-
pounds 1-3  (see details in the Experimental Section).11 The 
main target of these investigations was the rationalization of 
the observed H/F exchange process for compounds 1 and 2 
but not for compound 3 and to elucidate its mechanism. In 
addition, we also wished to assess the relative importance of 
the homolytic bond cleavage vs. the alternative pathway(s), 
in order to assess the quality of the previously determined 
activation parameters (Table 1)1 as legitimate approximations 
of the thermodynamic bond dissociation parameters.  

The two key experimental observations are that the H/F 
exchange occurs solely when the compound bears F atoms 
on the alkyl α-C atom and that the impact of this secondary 
reaction decreases in the order 1 > 2. The likely source of the 
H atom is the silane reagent, since the exchange leads to the 
formation of the (Me3Si)3SiF co-product containing a very 
stable Si-F bond. The full mechanistic exploration was car-
ried out only for compound 1. TTMSS was modeled by SiH4 
for the purpose of computational efficiency. 

Scheme 2. Possible H/F exchange and CHF3 generation 
from an acyl intermediate in compound 1. 

 
Since recent literature reports have shown the possibility 

of β-F elimination processes as key steps in catalyzed hydro-
defluorination and in C-B, C-C and C-Si bond formation pro-
cesses involving fluorinated olefins,15, 24-28 a first mechanistic 
hypothesis consisted of an RF migratory insertion, which 
would transfer the F atom from the α to the β position 
(Scheme 2). Alkyl pentacarbonylmanganese(I) compounds 
are well-known to undergo this process rather easily.29, 30 
From the starting compound A (compound 1), migratory in-
sertion of the CF3 group leads to a 16-electron 
[Mn(CORF)(CO)4] intermediate B, which may be able to un-
dergo a β-F elimination (Scheme 2, upper path) yielding the 
difluoroketene complex C. The action of the silane may then 

(a) 

(b) 



 

lead to a difluoroacyl complex D where one coordination site 
is taken by the fluorosilane co-product. Final decoordination 
of the fluorosilane and disinsertion from the 16-electron acyl 
derivative E would generate F (complex 2), from which the 
observed CH2F2 side product would eventually be generated 
by the homolytic cleavage and silane-trapping sequence of 
Scheme 1. 

The DFT calculations indicate that the migratory insertion 
product, intermediate B, is indeed accessible, via transition 
state TSAB, since the latter has a lower Gibbs energy than the 
homolytic bond cleavage process, see Figure 4. Not unexpect-
edly, the open coordination site in this unsaturated com-
pound is stabilized by donation from a lone pair of one of the 
fluorine atoms of the trifluoroacetyl group. However, the 
proposed intermediate C is shown by the calculations to lie 
at very high energy, 56.2 kcal/mol above A. The transition 
state TSBC would obviously be at even higher energy. There-
fore, this pathway is not kinetically competent for the ob-
served H/F exchange. An alternative way to transform B into 
D would consist of silane addition to B to generate adduct G, 
which could then accomplish the H/F exchange associatively 
via hypervalent C and Si atoms (Scheme 2, lower path). The 
optimization of the silane adduct G has indeed provided a 
stable local minimum, shown in Figure 4. This is an electron-
ically saturated σ-complex, where the silane Si-H bond pro-
vides two electrons to the metal center. The interaction is 
very weak, since the Gibbs energy is barely lower than for the 

sum of the two isolated species. However, all attempts to lo-
cate system TSGD or a related stationary point along the path 
from G to D failed, leading instead to a rearrangement to an 
oxacyclopropyl compound J via an intermediate I and a re-
laxed scan along the Si···F distance indicated that this transi-
tion state must be located at > 45 kcal/mol higher than (A + 
SiH4). Details of these attempts and on the resulting products 
are available in the SI, section B1. In addition, intermediate G 
may also be envisaged to yield the observed CHF3 product 
directly, with concomitant formation of the manganese silyl 
derivative H (Scheme 2). While this possibility would not ac-
count for the H/F exchange process, it would constitute a 
possible lower energy pathway, relative to the homolytic Mn-
C bond cleavage, for the production of the main RF-H decom-
position product. However, attempts to locate TSGH also 
failed and a relaxed scan along the C···H distance indicated 
that this transition state must be located at > 60 kcal/mol 
higher than (A + SiH4), see details in the SI, Figure S.B2. In 
conclusion, no viable pathway could be found for either the 
H/F scrambling process or for the CHF3 product formation 
via the acyl product of migratory insertion. 

 An alternative process, known to occur for pentacarbon-
ylmanganese(I) derivatives under thermal solicitation, is car-
bon monoxide dissociation, transforming A to the tetracar-
bonyl derivative K (Scheme 3). From this intermediate, a 
conceivable pathway leading to the H/F scrambling would 
involve α-F elimination to yield a fluoro(difluoroalkylidene) 
derivative L, which would react with the silane to yield the 

 

Figure 4. Energy profiles (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the pathways 
illustrated in Scheme 2. 



 

difluoromethyl derivative M with a coordinated SiFH3. The 
latter would finally be replaced by carbon monoxide and 
yield F, source of the observed CH2F2 by-product by the ho-
molytic bond cleavage pathway. Like β-F elimination, α-F 
elimination was shown to be involved in a variety of stoichi-
ometric and catalytic reactions,15, 31-38 although to the best of 
our knowledge this phenomenon is unprecedented in man-
ganese chemistry. 

Scheme 3. Possible H/F exchange and CHF3 generation 
following the decarbonylation of compound 1. 

 
The energy profile for this pathway is displayed in Figure 

5, again in comparison with the homolytic bond cleavage 
process, which is shown on the left-hand side. The decar-
bonylation is predicted by the calculations to be thermody-

namically accessible. The coordinatively unsaturated tetra-
carbonyl derivative K is stabilized by the lone pair of one of 
the α-F atoms, resulting in a significant distortion of the C 
atom geometry (Mn-C-F angle of 78.2° and C-F bond length-
ened to 1.460 Å, vs. distances of 1.339 Å for the other two C-F 
bonds). The α-F elimination process is also thermally acces-
sible, the transition state (TSKL) being located at a slightly 
lower energy than that of the homolytic bond cleavage prod-
ucts. The interaction with SiH4 leading to H/F scrambling is 
also accessible, with an energy cost very close to that of the 
bond cleavage, with a transition state (TSLM) located only 0.4 
kcal/mol higher than the bond cleavage products. Relaxation 
of this TS leads to a van der Waals adduct of L with SiH4 on 
the reactant side and to M on the product side. The relative 
energy of TSLM seems consistent with the fact that this is an 
observed competitive reaction in addition to the homolytic 
bond cleavage. 

The intermediate K also opens access to another possible 
pathway for release of the observed CHF3 product, as shown 
in Scheme 3. Coordination of the silane yields the σ-complex 
N, where the silane H atom transfer to the C atom produces 
the coordinatively unsaturated silyl complex O, which is then 
saturated by CO coordination to generate H. The DFT-
calculated energy profile shows the feasibility of this process, 
see Figure 6.  Coordination of the silane to K to yield N is 
favorable, even more than coordination to B to yield G 
(Figure 4), perhaps because the stabilization of the manga-
nese unsaturation by the α-F atom in K is weaker than that 

 

Figure 5. Energy profile (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the H/F 
scrambling pathway triggered by decarbonylation in compound 1 (Scheme 3). 



 

by the β-F atom in B. The rate-determining transition 
state(TSNO) of the H transfer from the silane ligand to the CF3 
group is lower than the energy of the bond cleavage products. 

(c) Formation of RF-H: homolytic cleavage or silane 
assisted?   

The relatively facile formation of the RF-H by the silane-
assisted pathway of Scheme 3 and illustrated in Figure 6, as 
suggested by the DFT calculations, led us to question 
whether this may be the operating pathway, rather than the 
homolytic bond cleavage, for the decomposition of the 
[Mn(RF)(CO)5] compounds 1, 2 and 3 in the presence of 
TTMSS, which was reported and kinetically assessed in our 
recent contribution.1 In order to learn more about this, the 
activation parameters (ΔH‡ and ΔS‡) for the pathway of Fig-
ure 6 were derived under the conditions used for the decom-
position experiments. The experiments were carried out in 
the temperature range 85-100 °C,1 but since the individual 
values of ΔH‡ and ΔS‡ are supposed to vary very little in this 
range, the calculations were carried out only at 100 °C. The 

major effect on the variation of ΔG‡ is related to the change 
of T in the (ΔH‡ - TΔS‡) expression. These values are listed in 
Table 2 (raw data are in SI, Table S.B6), where they are com-
pared with the corresponding values calculated for the ho-
molytic bond cleavage at the same temperature. These can 
also be compared with the experimentally determined acti-
vation parameters shown in Table 1. These calculations were 
also extended to the critical structures related to both path-
ways for the decomposition of 2 and 3, still using 100 °C as 
representative temperature. 

Two relevant points emerge from this comparison. The 
first one is that, although the calculated ΔG value of the ho-
molytic cleavage pathway remains higher than the ΔG‡ of the 
silane-assisted pathway (TSNO) for all three systems and at 
both temperatures, the gap between the two ΔG values is sig-
nificantly reduced upon raising the temperature, because of 
the large positive ΔS of the homolytic bond cleavage process 
vs. the much smaller value of the silane-assisted process. The 
near-zero activation entropy of the silane-assisted pathway 

 

Figure 6. Energy profile (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the CHF3 
product release triggered by decarbonylation in compound 1 (Scheme 3). 

Table 2. DFT-calculated parameters (ΔG and ΔH values in kcal mol-1; ΔS values in cal mol-1 K-1) for the genera-
tion of RF-H at different temperatures.a 

Parameter RF = CF3 (1) RF = CHF2 (2) RF = CH2CF3 (3) 

Homolytic cleavage 

ΔG298 / ΔH298 / ΔS298 43.3/55.1/39.6 37.0/48.0/37.1 37.9/50.5/42.5 

ΔG373 / ΔH373 / ΔS373 39.9/54.8/40.1 33.8/47.8/37.8 34.2/50.5/43.6 

Silane-assisted pathway (Figure 6) 

ΔG‡
298 / ΔH‡

298 / ΔS‡
298 33.8/32.9/-3.4 31.9/29.5/-6.1 27.4/26.2/-3.9 

ΔG‡
373 / ΔH‡

373 / ΔS‡
373 34.1/32.9/-3.3 31.8/29.5/-6.1 27.7/26.2/-3.8 

a Difference between TSNO+CO and A+SiH4. 



 

results from the balance of the positive CO dissociation en-
tropy and the negative silane coordination entropy. The sec-
ond point is that the calculated ΔS‡ of the silane-assisted 
pathway is in much greater disagreement than that of the ho-
molytic bond breaking process with the experimental ΔS‡ 
value, which is positive and large (see Table 1).1 This observa-
tion allows us to conclude that the major, or exclusive, path-
way leading to the RF-H evolution must be the homolytic 
bond cleavage completed by radical trapping, as initially an-
ticipated (Scheme 1). The reason why the calculations 
wrongly predict a preference for the silane-assisted pathway 
may be related to the use of SiH4 as a simplified model for the 
much bulkier TTMSS. While the barrier of the homolytic 
cleavage does not depend on the silane nature, the energy of 
the rate-determining TS of the silane-assisted pathway 
should be raised by the steric encumbrance of the TTMSS 
molecule. In order to validate this proposition, the ΔG‡ value 
of this pathway was recalculated for the full A+TTMSS system 
using the QM/MM approach (see details in the SI), yielding 
a significantly higher barrier of 42.4 kcal/mol. Although this 
barrier remains slightly smaller than that of the homolytic 
cleavage, the uncertainly related to the computational preci-
sion is clearly greater. The experimentally measured large ac-
tivation entropy is the strongest evidence in favor of homo-
lytic cleavage. We can anticipate, however, that use of a less 
sterically demanding silane as a trapping agent may induce 
generation of RF-H by the alternative silane-assisted path-
way. Therefore, the computational study strongly supports 
the proposition, made in our recent contribution,1 that the 
thermal decomposition of 1-3 in the presence of TTMSS oc-

curs by Mn-RF homolytic cleavage according to Scheme 1. In-
deed, this proposition was further suggested by the experi-
mental observation that compound 1 is able to initiate the 
radical polymerization of vinylidene fluoride.1 

(d) DFT investigation of the H/D exchange pathway 
for compound 2 

From the full investigation of the decomposition of 1 de-
scribed above we have learned that the H/D scrambling path-
way proceeds via CO-dissociation and α-F elimination. We 
were interested in probing the importance of this pathway 
for both compounds 1 and 2, relative to the Mn-C homolytic 
cleavage, because the experimental study shows a very differ-
ent impact of this secondary reaction in the order 1 > 2. 
Therefore, the H/F exchange pathway according to Scheme 3 
for compound 1 has also been calculated for compound 2 
(Scheme 4) and the resulting energy profile is shown in Fig-
ure 7, once again in comparison with the homolytic Mn-CHF2 
bond cleavage on the left-hand side. For clarity, the labels are 
the same as in Scheme 3 with an additional prime symbol. 

Scheme 4. H/F exchange pathway for compound 2. 

 

 

Figure 7. Energy profile (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the H/F 
scrambling pathway triggered by decarbonylation in compound 2 (Scheme 4). 



 

The energy profile for the H/F exchange pathway of com-
pound 2 is very similar to that of compound 1 (Figure 5). The 
decarbonylation process of A’ (compound 2) to generate K’ is 
a bit less energy demanding than the generation of the cor-
responding K from compound 1, possibly because of a better 
stabilization of unsaturation by the F atom in the less elec-
tron withdrawing CHF2 group. On the other hand, the sub-
sequent α-F elimination process has a higher barrier and 
leads to a less stable alkylidene derivative. Whereas the tran-
sition state leading to this intermediate for compound 1 
(TSKL) is lower than the homolytic bond cleavage products, 
the reverse is true for the pathway in compound 2 (TSK’L’). 
The better stabilization of the system, relative to the starting 
[Mn(RF)(CO)5] by difluorocarbene in L than by fluorocarbene 
in L’ may be related to the greater stabilizing effect by π back-
donation than by σ donation. The van der Waals adduct with 
SiH4, L···SiH4, could also be located for system 2, but the 
transition state TSL’M’ could not, in spite of several attempts 
guided by relaxed scans. Probably, the collapse to the H/F 
scrambled product [Mn(CH2F)(CO)4(FSiH4)] (M’) has a very 
low barrier with a shallow (low imaginary frequency) transi-
tion state, making the optimization of this stationary point 
particularly problematic. There is in fact a greater thermody-
namic drive for L’M’ than for LM. On the basis of Ham-
mond’s principle, this step is therefore expected to be associ-
ated with a lower barrier for 2. During one of the several re-
laxed scans aimed at locating TSL’M’, it was also found that 
SiH4 can easily exchange its H atom directly with the F atom 
on the alkylidene group. This leads to the alkylidene complex 
L”, which is also shown in Figure 7, and represents another 
mechanism leading to the same result of H/F exchange. We 
were also unable to locate the transition state for this process. 
A view of a representative point along the relaxed scan of this 
new pathway is shown in the SI (Figure S.B5).   

It is now appropriate to compare the relative activation 
barriers for the homolytic bond breaking process and for the 
H/F exchange process under the conditions used for the de-
composition experiments. For compound 2, the van der 
Waals adduct L’···SiH4 was used as a low estimate of the rate-
limiting transition state for the H/F exchange process, since 
the latter could not be optimized. Once again, since the H 
and S values do not change dramatically with temperature in 
the 70-100 °C range and the change in ΔG is mostly related to 
the effect of T in the (ΔH-TΔS) expression, the calculations 
were only carried out at the representative temperature of 
100 °C. The results are supplied in Table 3, with the raw en-
ergy data in SI, Table S.B9. The barrier height on the G scale 
does not change very much with temperature, because the 
ΔS value is relatively small, resulting from the compensation 
between the CO dissociation and SiH4 association. 

Table 3. DFT-calculated activation parameters (ΔG 

and ΔH values in kcal mol-1; ΔS values in cal mol-1 K-1) 
for the H/F scrambling at different temperatures for 
compounds 1 and 2.a 

Parameter RF = CF3 (1) RF = CHF2 (2) 

ΔG‡
298 / ΔH‡

298 / ΔS‡
298 43.7/43.6/-0.3 44.2/45.5/4.6 

ΔG‡
373 / ΔH‡

373 / ΔS‡
373 43.7/43.8/0.0 43.8/45.9/5.6 

a Difference between TSLM+CO and A+SiH4 for compound 
1; estimated from the difference between L’···SiH4+CO and 
A’+SiH4 for compound 2. 

A comparison of the barriers of the two competitive pro-
cesses, namely homolytic bond cleavage (Table 2) and H/F 
exchange (Table 3), the balance is much more in favor of ho-
molytic bond cleavage for compound 2 (33.8 kcal/mol vs. 43.8 
for the competitive H/F exchange pathway) than for com-
pound 1 (39.9 kcal/mol vs. 43.7 for the alternative pathway). 
This difference essentially derives from the weaker Mn-CHF2 
bond in 2 relative to the Mn-CF3 bond in 1 (Table 2), whereas 
the barriers to the H/F exchange process for the two com-
pounds are essentially unchanged (or slightly in favor of 1, 
considering that the value calculated for 2 is a low estimate, 
Table 3). This trend is qualitatively in agreement with the ex-
perimentally observed greater impact of the H/F exchange 
process for compound 1 than for compound 2. 

Finally, we consider the impact of the H/F exchange reac-
tion on the kinetic estimation of the Mn-RF bond strength by 
the thermal decomposition study,1 particularly in the case of 
compound 1 for which this secondary reaction occurs to a 
greater extent. An important indicator is the activation en-
tropy, which was experimentally determined as large and 
positive for all three compounds (Table 1). The computed ΔS 
values for the homolytic bond cleavage are also positive, alt-
hough lower (Table 2), whereas the H/F exchange reaction 
for compounds 1 and 2 is associated to much lower, nearly 
zero, activation entropies. The experimentally determined 
values are affected by large uncertainties and the computed 
values are certainly affected by many approximations, such 
as the neglect of solvation effects. However, this comparison 
suggests that the experimentally determined ΔS

‡ values are 
mostly determined by the homolytic bond cleavage process. 
A safe conclusion is that the experimentally determined ΔH‡ 
values are low estimates of the activation enthalpy leading to 
the Mn-RF bond cleavage. The expected error is obviously 
greater in the presence of a greater fraction of H/F exchange: 
3 (no exchange) << 2 (10% exchange) < 1 (67% exchange). 
Upon consideration of the excellent match between the ex-
perimental (50.6±0.8 kcal/mol) and computed (50.5 
kcal/mol) values for compound 3, and comparison of the ex-
perimental and computed values for compounds 1 and 2 
(Table 1), we conclude that the effect of the H/F exchange 
pathway on the estimation of the Mn-RF BDE must be quite 
small, less than 2 kcal/mol, which is within the experimental 
error on the determined ΔH‡ value. 

As a final note, we advance the hypothesis that at least a 
few of the unidentified minor by-products (in addition to 
RFH generated by bond cleavage for 1, 2 and 3 and to the iden-
tified H/F exchange products for 1 and 2) result from addi-
tional reactivity pathways of the intermediate carbene com-
plexes (L, L’ and L’’ in Figure 5 and Figure 7). It has been 
widely appreciated that the decomposition of free perfluoro-
alkyl anions, used during organic synthesis investigations, 
leads to products derived from difluorocarbene,39-51 e.g. tetra-
fluoroethylene and its polymer from difluorocarbene. For in-
stance, after decoordination of CF2 from L or CHF from L’ or 
CH2 from L’’, a silicon reagent (either (Me3Si)3SiH or 
(Me3Si)3SiF or both) could undergo C-H oxidative addition to 



 

the vacant coordination site in [MnF(CO)4], eventually lead-
ing to different F-containing silicon products and molecules 
derived from RF. Other products may derive from oxidative 
additions across the Si-Si bond of TTMSS. The β-F elimina-
tion from compound 3 (after decarbonylation) does not take 
place because TMS3SiF could not be detected, even in trace 
amounts, in that experiment. However, we cannot exclude 
the possible contribution of α-H elimination. Full elucidation 
of these pathways would require additional experimental and 
computational work. 

Conclusion 

Although pentacarbonylmanganese(I) derivatives with 
fluorinated alkyl groups have long been considered as ther-
mally robust compounds, our recent investigations1 have 
shown that they are sources of fluorinated alkyl radicals un-
der relatively accessible thermal conditions. The present con-
tribution highlights another phenomenon that accompanies 
this homolytic bond breaking process, namely the α-F elimi-
nation leading to H/F exchange in the presence of the H atom 
donor TTMSS. This process is revealed by the formation of 
(Me3Si)3SiF and F-poorer fluoroalkanes, as evidence by the 1H 
and 19F NMR investigations, and occurs only for compounds 
1 and 2, which contain F atoms in the α position, but not for 
compound 3 where the F atoms are located only on the β-C 
atom. For other previously investigated systems, it was 
shown that α-F elimination is preferred over β-F elimination 
when both α and β C-F bonds are present.31, 32, 35, 36, 38 This phe-
nomenon has been documented for late transition metals 
such as iridium32 and particularly nickel,31, 34-38 but is appar-
ently undocumented for the earlier part of the transition se-
ries. It is shown here for the first time in organomanganese 
chemistry.  

The DFT study suggests that this process is only possible 
after creating a vacant coordination site on the Mn center by 
CO dissociation, whereas the alternative migratory insertion 
followed by β-F elimination is not viable. Furthermore, the 
impact of this H/F exchange pathway decreases in the order 
1 > 2 because the Mn-C bond weakens in the same direction, 
whereas the barrier to the H/F exchange remains approxi-
mately unchanged. The analysis of the barriers of these two 
competing processes at 100 °C has validated the proposition1 
that the determined ΔH‡ values for the thermal decomposi-
tion are good estimates of the Mn-RF BDE. The generation of 
other minor by-products, as revealed by the 19F NMR spectra, 
indicates the presence of yet additional reaction pathways 
undertaken by one or more of the thermally generated inter-
mediates from the starting [Mn(RF)(CO)5] complexes. These 
pathways are, however, much less important than the H/F 
exchange pathway analyzed in the present contribution. 

Experimental Section 

General. All operations were carried out under argon in a 
NMR tube inside the NMR spectrometer. Compounds 
tris(trimethylsilyl)silane (TTMSS, 97%, Sigma-Aldrich), hex-
afluorobenzene (99%, Aldrich), benzene-d6 (99.5% D, 
Euriso-top) were used as received. Compounds 1, 2, 3 were 
synthesized as recently described.1  The Nuclear Magnetic 
Resonance (NMR) spectra were obtained with a Bruker 

Avance III 400 MHz spectrometer. The instrumental param-
eters for recording spectra were as follows: 19F NMR:  flip an-
gle 30°, acquisition time 2 s, pulse delay 2 s, number of scans 
1, and a pulse width of 3.76 μs. The probe has a lower back-
ground 19F signals compared to standard dual-channel 
probes. 

Investigation of the Homolytic Mn-RF Bond Cleavage. 
All experiments were carried out using the same procedure. 
As a representative example, [Mn(CF3)(CO)5] (159.3 mg, 0.60 
mmol) was dissolved in 5.0 mL of C6D6 together with 8 drops 
of C6F6 as internal standard. Aliquots of this solution (0.5 mL) 
were transferred into NMR tubes, then the desired amount 
of TTMSS was added and the thermal decomposition was 
monitored at the desired temperatures by 19F NMR spectros-
copy. 

Computational Details. The computational work was 
carried out using the Gaussian09 suite of programs.52 Gas-
phase geometry optimizations were performed without any 
symmetry constraint using the BPW91* functional, which is 
a reparametrized version of B3PW91 with the same parame-
ters previously optimized for B3LYP,53 and the 6-31G(d,p) ba-
sis functions for all light atoms (H, C, F, O, S), whereas the 
Mn, atom was treated with the SDD basis set augmented by 
an f polarization function (α = 2.195).54 The unrestricted for-
mulation was used for open-shell molecules, yielding only 
minor spin contamination (<S2> at convergence was very 
close to the expected value of 0.75 for doublet states, the 
maximum deviation being 0.757 for [Mn(CO)5]•). All final ge-
ometries were characterized as local minima by verifying that 
all second derivatives of the energy were positive. Thermo-
chemical corrections were obtained at 298.15 K and at 373 K 
on the basis of frequency calculations, using the standard ap-
proximations (ideal gas, rigid rotor and harmonic oscillator). 
Corrections for dispersion were carried out at the fixed 
BPW91* optimized geometries using Grimme’s D3 empirical 
method (BPW91*-D3), using SR6 and S8 parameters identical 
to those optimized for B3PW91.55 A further correction of 1.95 
Kcal/mol was applied to bring the G values from the gas 
phase (1 atm) to the solution (1 mol/L) standard state.56 Since 
the reactions were carried out in the apolar C6D6 solvent, no 
solvation correction was applied. For the QM/MM calcula-
tions, the MM part was treated with the UFF57 methodology. 
In all systems, the TTMSS fragment was handled with the 
Si3SiH at the QM level and the nine CH3 groups at the MM 
level.  
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